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such  as  light  detectors,  light  emitters,  or  energy  converters . VOn  the _ 

other  hand  these  photoelectronic  effects  can  also  be  exploited  to  investi¬ 
gate  the  nonlinear  absorption  of  light  in  solids  and  thus  gain  an  enhanced 
understanding  of  their  material  properties.  In  this  project  we  have  shown 
that  the  photoconductive  response  of  semiconductor  samples  can  sensitively 
detect  two-photon  absorption  processes. 

Two-photon  absorption  processes  have  been  studied  in  n-InSb  using  a 
tunable  cw  CO2  laser  and  high  magnetic  fields.  This  work  represents  the 
first  time  two-photon  absorption  was  observed  in  solids  using  only  cw  lasers. 
Various  theoretical  and  experimental  aspects  of  two-photon  absorption  spectra 
in  a  magnetic  field  were  investigated:  (1)  selection  rule  dependence,  (2) 
energy  band  parameters  needed  to  describe  the  data,  (3)  intensity  dependence, 
(4)  lattice  temperature  dependence  of  the  energy  gap,  (5)  two-photon  absorp¬ 
tion  coefficients,  and  (6)  transition  energies. 

Other  absorption  processes  besides  two-photon  absorption  were  observed 
and  investigated  in  InSb.  These  include  free  carrier  and  deep  level  transi¬ 
tions  in  n  type  samples,  and  free  and  bound  hole  transitions  in  p-type  samples 

High-resolution  spectra  were  obtained  for  the  free  A-  and  B-excitons  ?n 
CdS  by  two-photon  absorption  using  photoconductivity  techniques.  Anisotropy 
splittings  were  observed  and  interpreted  with  an  anisotropic  effective-mass 
Hamiltonian.  Zeeman  splittings  and  diamagnetic  interactions  were  observed 
and  analyzed.  Variational  calculations  which  take  into  account  the  inter¬ 
action  of  states  through  the  diamagnetic  term  in  the  Hamiltonian  describe 
the  data  quite  well.  Exciton  and  band  parameter  values  were  determined  along 
with  the  temperature  dependence  of  the  A  energy  gap.  The  anisotropy  splitting 
of  the  B  (2P)  exciton  state  was  observed  for  the  first  time  and  the  B  (3P) 
exciton  state  was  also  observed  for  the  first  time. 

Two-photon  absorption  spectra  of  high  purity  GaAs  were  obtained  at  1.8  K 
using  a  tunable  dye  laser  and  hydrogen  filled  Raman  ceil.  Resonant  structure 
is  seen  at  high  magnetic  fields  and  shown  to  be  related  to  exciton  and  Landau- 
level  behavior. 
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SUWARY 


Nonlinear  optics  is  an  increasingly  interesting  and  exciting  area  of 
physics.  Many  nonlinear  optical  effects  have  been  discovered  and  various  non¬ 
linear  optical  devices  constructed  from  a  wide  variety  of  materials.  In  par¬ 
ticular,  small  band  gap  semiconductors  like  InSb  can  have  unique  optical  proper¬ 
ties  because  of  their  small  effective  masses  and  direct,  band  gaps.  Unusual  and 
often  unexpected  results  are  found  in  their  nonlinear  behavior— optical  bista¬ 
bility,  nonlinear  refraction,  laser  pulse  limiting  and  shaping  effects,  optical 
transistor  action,  etc.  These  effects  can  be  described  in  terms  of  a  third 
order  susceptibility  and  are  associated  with  the  creation  of  free  carriers 
by  the  1  ight.  The  creation  of  even  a  smal  1  number  of  free  el  ectrons  or  hoi  es 
can  strongly  effect  the  "dynamic"  nonlinear  optical  properties  of  the  material. 
In  this  project  we  used  sensitive  photoel  ectronic  methods  to  investigate  the 
nonlinear  generation  of  electrons  in  InSb,  CdS,  and  GaAs  induced  by  two-photon 
absorption  of  light. 

A  wide  variety  of  photoel ectronic  effects  are  initiated  by  the  creation  of 
free  carriers  from  the  absorption  of  light  in  a  semiconductor  or  insulator. 
These  include  the  photo-Hall  effect,  photoconductivity,  recombination,  trapping, 
lifetimes,  all  of  which  are  important  for  understanding  devices  such  as  light 
detectors,  light  emitters,  or  energy  converters.  On  the  other  hand  these 
photoel ectronic  effects  can  also  be  exploited  to  investigate  the  nonlinear 
absorption  of  light  in  solids  and  thus  gain  an  enhanced  understanding  of  their 
material  properties.  In  this  project  we  have  shown  that  the  photoconducti ve 
response  of  semiconductor  samples  can  sensitively  detect  two-photon  absorption 
processes. 

Two-photon  absorption  processes  have  been  studied  in  n-InSb  using  a  tunable 
cw  CO2  laser  and  high  magnetic  fields.  This  work  represents  the  first  time  two- 
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photon  absorption  was  observed  in  solids  using  only  cw  lasers.  Various  theo¬ 
retical  and  experimental  aspects  of  two-photon  absorption  spectra  in  a  magnetic 
field  were  investigated:  (1)  selection  rule  dependence,  (2)  energy  band  parame¬ 
ters  needed  to  describe  the  data,  {3)  intensity  dependence,  (4)  lattice  tempera¬ 
ture  dependence  of  the  energy  gap,  (5)  two-photon  absorption  coefficients,  and 
(6)  transition  energies. 

Other  absorption  processes  besides  two-photon  absorption  were  observed  and 
investigated  in  InSb.  These  include  free  carrier  and  deep  level  transitions  in 
n  type  samples,  and  free  and  bound  hole  transitions  in  p-type  samples. 

High-resolution  spectra  were  obtained  for  the  free  A-  and  B-excitons  in  CdS 
by  two-photon  absorption  using  photoconductivity  techniques.  Anisotropy  split¬ 
tings  were  observed  and  interpreted  with  an  anisotropic  effective-mass 
Hamiltonian.  Zeeman  splittings  and  diamagnetic  interactions  were  observed  and 
analyzed.  Variational  calculations  which  take  into  account  the  interaction  of 
states  through  the  diamagnetic  term  in  the  Hamiltonian  describe  the  data  quite 
well.  Exciton  and  band  parameter  values  were  determined  along  with  the  tempera¬ 
ture  dependence  of  the  A  energy  gap.  The  anisotropy  splitting  of  the  B  (2P) 
exciton  state  was  observed  for  the  first  time  and  the  B  (3P)  exciton  state  was 
also  observed  for  the  first  time. 

Two-photon  absorption  spectra  of  high  purity  GaAs  were  obtained  at  1.8  K 
using  a  tunable  dye  laser  and  a  hydrogen  filled  Raman  cell.  Resonant  structure 
is  seen  at  high  magnetic  fields  and  shown  to  be  related  to  exciton  and  Landau- 
level  behavior. 
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I.  INTRODUCTION 


The  realm  of  “I  inear  optics"  present  in  one  photon  spectroscopy  has  pro¬ 
vided  much  of  the  basic  information  about  semiconductor  properties  such  as 
energy  gaps,  effecti ve  masses,  g-factors,  impurity  levels,  band  symmetries, 
relaxation  times,  etc.  Because  of  the  very  high  absorption  coefficients 
(  lO^cm-1)  usually  dealt  with,  light  only  penetrates  0.1  micron  into  the  sam¬ 
ple.  Consequently,  thin  films  or  thin  crystals  are  needed.  Reflectivity 
measurements  over  a  wide  spectral  range  followed  by  a  Kramer's-Kronig  analysis 
does  not  give  great  accuracy.  In  contrast  to  the  major  disadvantages  of  the  one 
photon  case,  two-photon  spectroscopy  can  provide  uniform  absorption  throughout 
the  bulk  of  the  sample  because  of  the  much  smaller  two-photon  absorption  cross- 
sections.  This  part  of  the  realm  of  "nonlinear  optics"  has  proven  to  be  quite 
important  and  useful  in  probing  the  eigenstates  of  not  only  solids,  but  of 
gasses  too.  Transitions  which  are  forbidden  in  conventional  one-photon  spec¬ 
troscopy  are  now  possible  to  observe  using  two-photon  techniques.  In  fact,  it 
becomes  possible  to  uniquely  identify  the  symmetry  of  the  eigenstates.  Prac¬ 
tically  speaking,  it  is  important  to  understand  the  role  of  two-photon  processes 
in  windows  damaged  by  high  power  lasers.  There  are  several  good  review  arti¬ 
cles1-3  on  two-photon  spectroscopy  that  can  be  consulted. 

Experimentally,  the  task  Is  to  detect  the  simultaneous  absorption  of  two 
photons.  The  same  techniques  used  for  detecting  one-photon  transitions  in 
linear  spectroscopy  can  be  used:  (1)  absorption  spectroscopy,  (2)  fluorescence 
or  luminescence  spectroscopy,  (3)  Photo-emission  or  photoconductivity,  (4) 
Photochemical  reactions,  and  (5)  Photoacoustic  spectroscopy.  A  simple  two- 
photon  absorption  experiment  occurs  when  two  beams  of  light  are  incident  on  a 
sample.  The  sample  is  transparent  to  each  of  the  two  beams,  but  when  both  beams 
are  present  at  the  same  time  and  when  “ffuj  +  Ino^  is  equal  to  an  allowed  transl- 
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tion  energy,  the  sample  absorbs  simultaneously  one  photon  from  each  beam.  One 
beam  might  be  a  laser  and  the  other  a  wide  frequency  band,  or  continuum.  It  is 
also  possible  to  use  two  lasers,  one  or  both  being  tunable.  Even  simpler  would 
be  the  use  of  only  one  laser  beam  to  provide  the  two-photons. 

Two-photon  spectroscopy  in  a  magnetic  field  was  demonstrated  in  this  pro¬ 
ject  to  be  a  valuable  technique  for  investigating  semiconductors.  Sailer  and 
co-workers  have  shown  that  TPA  in  n-InSb  is  even  observable  with  the  milliwatt 
powers  available  from  a  cw  CO2  laser.*  These  studies  represented  the  first  time 
that  TPA  experiments  in  solids  were  ever  carried  out  using  only  cw  lasers.  The 
high  resolution  permitted  observation  of  many  new  TPA  lines  not  previously  seen. 
The  report  of  these  results  at  a  recent  international  conference  in  France  was 
one  reason  Laser  Focus  recently  printed  an  interesting  news  report:^  "Mew 
experimental  results  are  challenging  established  theory  in  nonlinear  optics.  It 
had  been  widely  assumed  that  second-order  effects  (proportional  to  the  square  of 
the  electromagnetic  field)  generally  would  be  weaker  than  effects  proportional 
to  higher  powers  of  the  field.  But  high-order  nonlinear  effects  in  semiconduc¬ 
tors  have  been  showing  up  with  surprising  magnitudes  in  laboratories  in  Britain 
and  the  United  States.  Milliwatt  lasers  have  produced  effects  which  it  had  been 
thought  would  require  much  higher  laser  intensities.  Some  specialists  are  even 
coming  to  the  conclusion  that  the  distinction  between  "low-order"  and  "high- 
order"  nonlinear  phenomena  and  some  of  the  underlying  theory  may  not  be  relevant 
for  certain  materials.  In  particular  gallium  arsenide  and  indium  antimonide." 

A  wide  variety  of  phot<~  ’ectronlc  effects  are  initiated  by  the  creation  of 
free  carriers  from  the  in  of  light  in  a  semiconductor  or  insulator. 
These  effects  involve  ti  1  effect,  photoconducti vity,  recombination, 
trapping,  lifetimes,  etc.,  a.,v.  important  for  understanding  materials  used  as 
light  detectors,  light  emitters,  or  energy  converters.  On  the  other  hand,  these 
photoel ectronic  effects  can  be  exploited  to  investigate  the  absorption  of  light 


in  solids. 


Photoconductivity  can  be  a  complex  process  involving  several  successive  or 
simul  taneous  mechani sms:  optical  absorption,  charge  carrier  transport,  hot 
carrier  relaxation,  and  radiative  and/or  nonradiative  recombination.  It  covers 
all  phenomena  by  which  an  increase  or  decrease  in  conductivity  can  take  place 
following  the  absorption  of  light  in  the  semiconductor.  The  presence  of  non- 
equilib-ium  carriers  generated  by  the  light  alters  the  conductivity  of  a  semi¬ 
conductor.  The  general  form  of  the  conductivity  can  be  written  as 

0  =  e[un(no  +An)  +  +Ap)  +  n0Apn  +  W 

or 

a  =a  +  Aa 

o 

where  e  is  the  electronic  charge,  n0(P0)  is  the  concentration  of  electrons 
(holes)  at  thermal  equilibrium  in  the  dark,  n(  P)  is  the  excess  electron  (hole) 
concentration  induced  by  the  light,  un(up)  is  the  electron  (hole)  mobility, 
Aun(Ayp)  is  the  change  in  the  electron  (hole)  mobility  caused  by  the  light, 
Oq  =  e(wnn0  +  upP0)  and  Ao  =  e[unAn  +  ypAP  +  n0Ayn  +  P0A^,].  Thus  in  general 
the  conductivity  can  change  if  the  carrier  concentration  or  the  mobility 
changes.  Some  detector  materials  (Putley  or  hot  electron  detectors)  make  use  of 
this  mobility  change  which  can  be  quite  large  in  the  far  infrared  region.  Here 
we  shall  be  primarily  concerned  with  the  changes  in  concentration  produced  by 
the  nonl  inear  absorption  of  1 ight.  Since  in  many  semiconductors  up<<  un.  the 
change  in  conductivity  arising  from  nonlinearly  produced  electro-hole  pairs  can 
be  written  simply  as 

Ao  =  eynAn 

Thus  measurements  of  the  photoconductivity  are  directly  related  to  changes  in 
electron  concentration.  It  is  a  very  sensitive  indicator  of  small  changes  in  n. 


1-3 


particularly  in  nQ  is  small-  Thus  if  n0«  lO^cnT^,  An/nQ  changes  of»0.001  (or 
An  *  lO^cm"^)  can  easily  be  detected. 

Two-photon  absorption  spectra  were  obtained  using  photoconductivity  tech¬ 
niques  in  InSb4*^  and  CdS.^-9  We  have  shown  that  photoconductivity  studies  are 
very  powerful  for  investigating  semiconductors.  InSb  is  a  narrow  gap  semi¬ 
conductor  with  an  energy  band  gap  of*  235  meV  at  4  K.  Thus  a  C02  laser  can  be 
tuned  so  that  2fxo  is  both  below  and  above  this  energy.  Seiler  and  co-workers  * 
have  used  the  photoconductivity  technique  to  detect  two-photon  absorption  in 
InSb  using  only  cw  C02  lasers.  Application  of  a  magnetic  field  allowed  the 
study  of  two-photon  magneto  absorption  (TPMA)  structure.  Derivative  TPMA  spec¬ 
troscopy  using  sampling  oscilloscope  and  magnetic  field  modulation  techniques 
applied  to  the  photoconductivity  signal  allowed  the  observation  of  numerous  weak 
transitions.  Various  theoretical  and  experimental  aspects  of  the  two-photon 
spectra  were  investigated  including  (1)  selection  rule  dependence,  (2)  energy 
band  parameters  needed  to  describe  the  data,  (3)  intensity  dependence,  (4) 
lattice  temperature  dependence  of  the  energy  gap,  (5)  TPMA  coefficients,  and  (6) 
transition  energies. 

Two-photon  spectroscopy  measurements  have  also  been  carried  out  by  Seiler, 
et.  a  1  P on  CdS  samples  using  a  visible  dye  laser  in  conjunction  with  the 
output  from  a  H2  filled  Raman  cell.  Free  exciton  spectra  dominated  the 
absorption  which  was  monitored  by  measuring  the  increase  in  sample  conductivity 
as  a  function  of  photon  energy.  This  represented  the  first  time  that  the 
photoconductivity  technique  was  used  to  obtain  the  two-photon  absorption  spectra 
of  free  excitons  in  semiconductors.  High  resolution  spectra  of  both  the  A-  and 
B-free  excitons  were  obtained.  Anisotropy  spl  itting  of  the  2P  and  3P  exciton 
states  was  observed,  along  with  Zeeman  splitting  and  diamagnetic  shifts. 
Experimental  results  were  Interpreted  with  an  anisotropic  effective  mass  Haroil- 
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tonian  and  variational  calculations  taking  into  account  the  interaction  of 
states  through  the  diamagnetic  term.  These  studies  allowed  accurate  characteri¬ 
zation  of  the  A  and  8  exciton  and  band  properties  of  CdS. 
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II.  INTERACTION  OF  C02  LASER  RADIATION  WITH  p-InSb 
In  this  section  we  present  the  re  suits  of  a  collaborative  effort  in  the 
study  of  the  interaction  of  CO2  laser  radiation  with  samples  of  p-InSb.  High 
magnetic  field  studies  (fields^  10  T)  were  carried  out  at  the  U.S.  Naval 
Research  Laboratory  in  conjunction  with  Ur.  R.  Kaplan  and  Dr.  R.  J.  Waqner. 
Lower  field  (<  2  T)  studies  were  carried  with  the  facilities  at  NTSU.  In  what 
follows  in  this  section  we  reproduce  several  of  our  published  papers.  More 
extensive  details  will  be  contained  in  a  future  Ph.D.  thesis  of  Mr.  C.  L. 
Littler . 
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High  resolution  photoconductivity  and  transmission  spectra  in  p-InSh  are 
obtained  over  a  wide  temperature  range  at  magnetic  fields  from  9  to  100  kC 
using  a  CO2  laser.  The  low  temperature  results  are  described  in  terms  of 
hole  transitions  from  the  acceptor  ground  state  to  excited  states  associated 
with  free  light-hole  Landau  states. 


In  this  communication  we  will  present 
the  results  of  magneto-optical  experiments  on 
acceptor  excitations  in  InSb,  and  discuss  their 
relevance  to  the  determination  of  valence  band 
parameters.  The  latter  are  not  known  with 
nearly  the  accuracy  of  the  InSb  conduction 
band  parameters.  In  part,  this  is  due  to  the 
greater  complexity  of  the  valence  bands. 
Additionally,  there  is  a  relative  lack  of  hole 
Intraband  data,  as  compared  with  numerous 
conduction  electron  studies  involving  cyclo¬ 
tron,  spin,  and  combined  resonance,  and 
harmonic  and  phonon-assisted  variants  of  these. 
Currently  available  valence  band  parameters 
have  been  determined  mainly  from  interband 
and  cyclotron  resonance  magneto-optical  experi¬ 
ments.  However,  exciton  effects  must  be  taken 
into  account  In  analysing  the  interband  data, 
leading  to  some  ambiguity  in  the  determination 
of  the  band  parameters.  Cyclotron  resonance 
experiments  are  also  difficult  to  interpret 
because  of  kz-dependent  energy  terns,  and 
complex  spectra  are  observed  due  to  the  val¬ 


ence  band  degeneracy.  Ranvaud1  has  shown  that 
application  of  uniaxial  stress  simplifies  the 
hole  cyclotron  resonance  spectra  of  InSb;  the 
results  were  later  used  by  Ranvaud,  Trebin 
et  al.‘  to  obtain  the  valence  band  parameters. 
However,  the  HCN  laser  spectrometer  used  in 
this  studv  only  allowed  the  ohservat ion  of 
transitions  vorv  close  to  the  band  edge.  The 
band  parameters  thus  determined  differ  stronglv 
f ron  those  obtain  d  hv  analv*  is1  of  interband 
and  int ra-conduc t ion  band  data.  Recently, 
Grisar  et  al.u  obtained  photoconduct ive  spectra 
for  p-type  InSb  at  12  K  for  two  CCU  laser  wave¬ 
lengths.  These  spectra  were  interpreted  as 
LO  phonon-assisted  spin-conserving  free  carrier 
transitions  between  light  hole  Landau  levels, 
and  a  new  set  of  valence  hand  parameters  was 
thus  derived.  However,  similar  spectra  ob¬ 
tained  bv  Kaplan'  were  instead  described  as 
excitations  of  bound  holes  from  the  ground 
state  acceptor  to  excited  states  associated 
with  light  hole  levels.  It  appears  that  a 
definitive  determination  of  the  InSb  valence 
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band  parameters  has  yet  to  be  achieved. 

The  specific  goals  of  the  present  work 
are:  (1)  To  obtain  more  detailed  intraband  data 
for  the  transitions  reported  in  Ref.  4  and  5 
through  the  use  of  high-resolution,  high 
sensitivity  techniques;  (2)  To  determine  the 
process  responsible  for  these  transitions; 

(3)  If  this  process  indeed  involves  acceptor 
excitations,  to  search  for  additional  free 
hole  transitions.  By  these  means  we  hope  to 
obtain  new  intraband  data  sufficient  for  the 
accurate  determination  of  valence  band 
parameters . 

The  experiments  were  performed  on  InSb 
crystals  grown  by  Cominco  and  by  E.M.  Swiggard 
at  N.R.L.  Values  of  Na-Nj)  were  in  the  range  of 
0.5  -  1.5  x  10 14  cm-3,  with  Zn  or  Cd  the  accep¬ 
tor  used  for  doping.  Typical  sample  thicknesses 
were  3  mm  for  transmission  and  0.1  nm  for 
photoconductivity  studies.  For  the  high  field 
experiments  described  here,  the  magnetic  field 
and  direction  of  light  propagation  were  along 
a  < 1 1 1 >  crystal  axis.  Low  magnetic  field 
measurements  were  performed  with  an  iron-core 
magnet  using  magnetic  field  modulation  and 
sampling  oscilloscope  techniques,6  while  the 
high  field  studies  utilized  a  Bitter  solenoid 
of  the  NRL  High  Magnetic  Field  Facility  and 
ratioing  techniques.7  The  CO2  lasers  were 
grating  tunable,  providing  single  line  outputs 
of  several  watts. 

Figure  1  shows  a  comparison  of  trans¬ 
mission  and  photoconductive  data  at  9.57  um. 

A  one-to-one  correspondence  between  the  photo- 


conductive  peaks  and  the  transmission  minima 
is  evident.  The  photoconductive  measurements 
clearly  provide  a  more  sensitive  means  of  deter¬ 
mining  the  small  changes  in  absorption  due  to 
the  resonant  processes.  An  apparent  doublet 
structure  is  resolved  at  higher  magnetic  fields 
as  previously  reported.4*5  This  structure  is 
not  simply  due  to  the  appearance  of  spin  split¬ 
ting.  Rather  it  is  a  consequence  of  the  order¬ 
ing  of  light  hole  Landau  levels  of  differing 
principle  quantum  number  and  effective  "spin," 
the  latter  designation  being  accurate  only  for 
more  energetic  states  where  the  wave  function 
mixing  is  small.  The  photoconductive  spectral 
response  has  been  determined  at  several  CO2 
laser  wavelengths,  as  shown  in  Fig.  2.  Resonant 
structure  is  resolved  down  to  fields  as  low  as 
10  kG.  No  polarization  dependence  was  observed 
for  the  Voigt  configuration  for  either  i8  or 
el$  where  e  is  the  direction  of  the  electric 
field  of  the  light.  The  magnetic  field  depend¬ 
ence  of  these  peak  positions  is  plotted  in 
Fig.  3.  No  attempt  has  been  made  to  correct 
for  the  slightly  decreased  separation  of  the 
observed  apparent  doublet  components  due  to 
the  overlap  of  the  peaks. 

In  order  to  identify  the  charge  carriers 
responsible  for  the  observed  transitions,  the 
temperature  dependence  of  the  Hall  voltage  and 
the  magneto-optical  spectra  were  Investigated 
for  several  samples.  The  Hall  measurements 
indicated  that  hole  freezeout  occurs  largely 
between  12  and  20  K.  Transmission  spectra  re¬ 
mained  unchanged  between  4.2  and  14  K  (see 


Fig.  1  Photoconductivity  and  transmission  spectra 
for  p-InSb  at  9.57  urn  and  a  lattice  tem¬ 
perature  of  4.2  K.  The  change  in  trans¬ 
mission  from  the  monotonic  background  to 
the  resonance  position  at  -83  kG  is 
approximately  71. 

Fig .  I 
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Fig.  2  Photoconduct ive  spectra  at  four  different 
wavelengths.  Inset  shows  the  high 
resolution  of  the  data  with  increased 
gain.  Arrows  show  how  a  given  peak  tracks 
with  photon  energy. 
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Fig.  4),  and  only  began  to  show  scrong  new 
features,  and  weakening  of  the  old,  above  14  K. 

Both  of  the  observations  Involving  temper¬ 
ature  dependence  cited  above.  Indicate  that  the 
optical  spectra  obtained  at  14  K  and  below 
represent  excitations  of  holes  bound  at 
acceptors.  In  Ref.  5  It  was  argued  that  the 
final  states  of  the  transitions  are  excited 
acceptor  states  bound  to  light  hole  levels  split 
off  by  the  magnetic  field.  That  such  levels 
and  tranaltlons  exist  and  are  strongly  allowed, 
has  been  demonstrated  by  the  theory  of  Lln-Chung 
and  Henvis.8  In  this  Interpretation  an  Inter¬ 
esting  situation  exists,  In  which  the  acceptor 
ground  state  la  In  the  "lew  effective  field" 


2 

regime*  EgS>>hvc,  for  all  field  strengths,  while 
the  excited  levels  are  "high  effective  field" 
states,  Ees<<^lvc»  for  fields  above  several 
kilogauss.  Here  Eg8  and  Ees  are  the  binding 
energies  of  the  ground  and  excited  states, 
relative  to  the  valence  band  edge  and  any  light 
hole  Landau  level,  respectively,  and  vc  is  the 
cyclotron  energy  eB/2*m*c.  This  behavior  occurs 
because  the  light  hole  mass  responsible  for 
the  small  value  of  Eeg,  is  some  30  times  smal¬ 
ler  than  the  heavy  hole  mass  at  the  band  edge, 
which  largely  determines  Eg8. 

In  order  to  compare  the  transition  energy 
data  with  a  band  model,  it  is  necessary  to 
examine  the  field  dependence  of  all  contri- 
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Comparison  of  the  transmission  spectra 
of  a  single  sample  obtained  at  9 .  *>  7 
for  four  different  temperatures. 
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but  ions  to  the  transition  energy  hv: 

hv  =  Egs(o)  +  AE  (B)  +  'J^b(N,B)  -  Ees (B) .  (1) 

c^b(N,B)  is  the  energy  of  the  light  hole 

Landau  level  in  ladder  a  or  b,  .and  AE  (B)  is 

8s 

the  f ield- induced  shift  of  the  acceptor  ground 

state  energv  from  its  zero-field  value  F.  (o). 

gs 

At  present,  *F.RS(B)  and  Ees(B)  are  not  accu¬ 
rately  known,  but  they  are  small  Quantifies  of 
comparable  magnitude  and  opposite  sign.  (At  a 
10  micrometer  wavelength,  their  magnitudes  are 
sO.Ol  hv . }  Thus  in  the  present  approach  wo 
write 

hv  ■  E  (o)  +  cf ’b (N, B)  (2) 

gs  LH 

and  fit  the  transition  energies  using  a  three 
band  model,  with  energy  gap  23b.  7  meV  and 
spin-orbit  splitting  803  meV.  Below  30  kC.  the 
apparent  doublets  are  no  longer  resolved,  and 
a  single  point  representing  the  average  field 
position  of  the  two  unsplit  components  is 
plotted.  A  best  fit  to  the  data,  shown  in 
Fig.  3a, b,  yields  EgR(o)  »  9.0  meV,  and  the 
band  parameter  value  P2  *  0.46  a.u.  corres¬ 
ponding  to  Ep  *  29.1  eV.  Excellent  agreement 
between  theory  and  experiment  is  achieved  over 
the  entire  range  of  light  ole  quantum  numbers 


■M 

2  to  27.  Values  ot  EgS(o)  and  Ep  determined 
in  the  fit  are  in  good  agreement  with  corres¬ 
ponding  values  in  the  literature,  e.g.  for 
Egs(°)»  8.S*0.9,;0  8, 14  and  9.3  0.6 5  meV, 
and  for  Ep,  ?b.l,:  :3.bt0.5,3  24, 12  21. 2, 13 
23. 7. 14  and  241'  eV. 

The  excellent  fit  of  the  three  band  model 
calculations  to  the  lew  temperature  data  attests 
to  the  correctness  of  the  interpretation  based 
on  acceptor  excitations.  In  order  to  fully 
exploit  the  data  for  determination  of  valence 
band  structure,  it  will  be  necessary  to  deter¬ 
mine  the  magnetic  field  dependence  of  the 
ground  and  excited  s*ate  acceptor  binding 
energies,  and  to  applv  an  eight  hand  model 
including  anisotropy.  Wc  are  presently  pur¬ 
suing  this  direction.  In  addition,  we  have 
examined  the  spectra  obtained  for  sample  tem¬ 
peratures  above  20  K.  Our  prelirrinarv  results 
indicate  that  these  spectra  are  due  to  harmonic 
cyclotron  resonance  and  combined  resonance  of 
free  holes.  Analysis  of  these  free  hole 
transitions  should  provide  an  additional  means 
for  determining  the  valence  band  structure,  in 
this  case  free  from  compl i cn t ions  due  to  accep¬ 
tor  level  binding  energies. 

We  are  pleased  to  acknowledge  helpful 
discussions  with  M.H.  Weller  and  the  support 
of  the  staff  of  the  High  Magnetic  Field  Facility 
at  NRL. 
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Magneto-optical  detection  of  deep  acceptor  impurities  in  p- InSb 
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We  report  the  first  magneto-optica!  experiments  on  Au-doped p-lnSb  and  show  how  they  can  be 
used  to  detect  and  identify  impurities  in  semiconductor  materials.  A  ground  state  binding  energy 
of  42. 5  ±  0.5  meV  has  been  determined  for  the  lower  level  of  the  Au  double  acceptor  in  InSb.  The 
technique  also  provides  information  about  the  magnetic  field  dependence  of  the  excited  states 
associated  with  a  deep  acceptor  level. 

PACS  numbers:  71.55.Fr,  78.20.Ls,  72.40.  +  w,  78.50.Ge 


Detection  and  identification  of  impurities  in  semicon¬ 
ductor  materials  has  long  been  a  topic  of  technological  im¬ 
portance.  Of  particular  interest  is  the  location  of  the  impuri¬ 
ty  states  within  the  forbidden  energy  gap  region  and  their 
behavior  in  the  presence  of  an  external  magnetic  field.  As  a 
result  there  have  been  many  theoretical1'’  and  experimen¬ 
tal6"  1 '  investigations  in  InSb  designed  to  probe  the  magnetic 
field  dependence  of  shallow  donor  and  accep- 

torJ  ,'6'">'1’  impurities.  In  addition,  oscillatory  photocon¬ 
ductivity14  ”  and  transmission16  studies  at  zero-magnetic 
field  as  well  as  Hall  measurements 1,17  have  given  informa¬ 
tion  about  ground  and  excited  state  binding  energies  of  shal¬ 
low16  and  deep  acceptor14'17  impurities  in  InSb.  However, 
none  of  these  studies14  17  were  extended  to  include  the  effect 
of  a  magnetic  field  on  the  observed  deep  acceptor  levets. 

In  this  letter  we  report  the  results  of  magneto-optical 
experiments  on  Au-doped  InSb.  To  our  knowledge  these  are 
the  first  magneto-optical  studies  on  Au-lnSb.  We  have  ana¬ 
lyzed  the  high  resolution  photoconductive  spectra  using  a 
modified  Pidgeon  and  Brown  8x8  band  model"1  and  have 
obtained  a  ground  state  binding  energy  of  42.5  ±0.5  meV 
for  the  lower  level  of  the  Au  double  acceptor  (intentionally 
present  in  the  crystal).  In  addition,  weaker  structures  visible 
in  the  spectra  due  to  the  presence  of  Cd  (or  Zn)  monoaccep- 
tors  (unintentionally  present)  have  also  been  identified.  We 
are  also  able  to  show  from  the  analysis  that  the  excited  impu¬ 
rity  states  associated  with  the  deep  Au  acceptor  in  InSb  are 
similar  in  nature  to  those  associated  with  the  excited  states  of 
the  the  shallow  Zn  or  Cd  acceptors. 

The  experiments  reported  here  were  performed  on  a 
single  crystal  of  InSb  intentionally  doped  with  Au  impuri¬ 
ties.  The  impurity  concentration  was  no  more  than  1014 
cm  '  at  77  K.  The  sample  thickness  was  approximately  0. 1 
mm  and  the  magnetic  fieid  and  direction  of  light  propaga¬ 
tion  were  along  a  ( 1 1 1 )  crystal  axis.  A  Bitter  solenoid  of  the 
NRL  high  magnetic  field  facility  was  used  to  obtain  fields  up 
to  105  kG  ( 10  5  T)  and  signal  ratioing  techniques1'1  were  em¬ 
ployed  to  obtain  the  high  resolution  spectra.  The  CO:  laser 
used  was  grating  tunable,  providing  single  line  outputs  of 
several  watts 

Figure  I  shows  the  photoconductive  spectral  response 
observed  at  three  CO;  laser  wavelengths.  The  spectra  are 


complicated,  containing  many  strong  and  weak  resonant 
peaks.  The  maxima  in  the  detector  response  corresponds  to  a 
maxima  in  the  conductivity,  where  the  resonant  increase  in 
absorption  has  given  rise  to  an  increase  in  the  number  of 
holes.  The  peaks  are  labelled  according  to  which  acceptor 
(Au  or  Cd)  the  excitation  peak  has  been  identified  with  and  to 
which  light  hole  Landau  level  the  excited  acceptor  states  are 
associated.  We  see  that  the  stronger  photoconductive  peaks 
result  from  the  excitation  of  the  Au  impurities.  In  addition, 
weaker  resonant  peaks  are  seen  which,  upon  analysis,  were 
found  to  result  from  excitation  of  (Cd  or  Zn)  impurities  unin¬ 
tentionally  introduced  during  crystal  growth. 

Figure  2  is  a  diagram  of  possible  hole  transitions  at  70 
kG  (7  0  T)  which  are  allowed  between  ground  and  excited 
acceptor  states  of  Au  or  Cd.  It  has  been  previously  shown  for 
shallow  acceptors21'  that  the  most  strongly  allowed  transi¬ 
tions  occur  between  the  v-like  acceptor  ground  state  and  the 
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HO  I  High  resolution  photoconductive  spectra  obtained  for  three  CO: 
laser  wavelengths  for  B||  <  1 1 1 )  The  peaks  are  labelled  according  to  which 
light -hole  Landau  levels  the  excited  acceptor  states  are  associated  The 
strong  Au  resonances  arc  indicated  by  the  labels  appearing  above  each  spec 
tra  and  the  weaker  Cd  peaks  are  indicated  by  the  labels  appearing  below 
each  spectra 
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FIG  2.  Diagram  of  allowed  transitions  at  B  =  70  kG  (7  0  T)  Transitions 
indicated  are  from  the  acceptor  ground  state  of  the  Au  and  Cd  acceptors  to 
excited  states  associated  with  the  light-hole  Landau  levels  I  b  and  2a  for  Au, 
and  2a  and  3b  for  Cd. 

n  io 

/•-like  excited  states,  which  lie  close  in  energy  to  the  light  hole 
Landau  levels.  Impurity  photoionization''  is  ruled  out  since 
it  is  expected  to  be  much  weaker  than  bound  hole  transitions 
and  is  predicted  to  disappear  in  the  high  field  limit.2" 

In  order  to  compare  the  transition  energy  data  obtained 
from  the  photoconductive  spectra  to  a  band  model  it  is  nec¬ 
essary  to  examine  all  contributions  to  the  transition  energy. 
Since  the  light-hole  excited-state  binding  energies  and  the 
field-induced  shift  of  the  acceptor  ground  state  are  consi¬ 
dered  to  be  small,  we  have  found  that  ',""13  it  is  sufficient  to 
add  the  ground  state  binding  energy  to  the  light  hole  Landau 
level  energies  in  order  to  accurately  describe  the  observed 
transitions.  We  have  used  a  modified  Pidgeon  and  Brown 
8x8  band  model  to  calculate  the  light  hole  Landau  level 
energies  and  adjusted  the  value  of  the  ground  state  binding 
energy  in  order  to  obtain  a  fit  of  theory  to  data.  The  band 
model  parameters  Et  =  0.2352  eV,  Ep  =  23.2  eV, 
d  =  0.803  eV,  y,  =  3.25,  y2  =  -  0.20,  y,  -  0.90, 
k  =  -  1.30,  F=  -  0.20,  q  =  0.0,  and  A,  =  —  0.55,  were 
chosen  for  the  analysis  since  this  set  of  parameters  has  been 
previously  shown 13,21  22  to  describe  well  an  extensive  set  of 
conduction-band  cyclotron  and  combined  resonance, 
phonon -assisted  cyclotron  resonance,  two-photon  magneto¬ 
absorption,  intravalence  band  combined  resonance,  and  ac¬ 
ceptor-excitation  data. 

A  best  fit  to  the  data  using  this  model  is  shown  in  Fig.  3. 
The  dashed  and  solid  lines  represent  calculated  transition 
energies  for  the  Cd  (or  Zn)  and  Au  impurities,  respectively, 
using  the  procedure  discussed  above.  The  solid  dots  repre¬ 
sent  Au  transition  energy  data  and  the  open  dots  are  Cd  (or 
Zn)  excitation  data.  The  zero-field  intercepts  indicated  by 
Ea  and  £Au  thus  represent  the  ground  state  binding  energy 
for  the  Cd  and  Au  acceptors.  We  see  that  by  adjusting  two 
sets  of  calculated  transition  energies  (dashed  and  solid  line) 
until  a  fit  is  obtained,  we  can  explain  well  the  complex  spec- 
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FIG.  3  Calculated  transition  energies  for  B||  <111).  Dashed  lines  indicate 
calculated  transition  energies  for  Cd  and  the  solid  lines  show  the  calculated 
Au  transition  energies  The  solid  dots  and  open  dots  represent  the  observed 
transition  energies  for  the  Au  and  Cd  acceptors,  respectively  The  ground 
state  binding  energies  for  the  Au  and  Cd  acceptors  are  indicated  by  the  zero 
field  intercepts  E  Au  =42.5  meV  and  ECa  —  8. 1  meV. 

F,3.  HI 

tra  of  Fig.  1  as  a  superposition  of  the  strong  Au  and  weak  Cd 
resonances.  From  the  analysis  we  extract  a  ground  state 
binding  energy  of  42 .5  ±  0. 5eV  for  the  lower  level  of  the  Au 
double  acceptor  We  see  that  the  weaker  resonances  are  in¬ 
deed  due  to  the  presence  of  Cd  (or  Zn)  monoacceptors  since 
the  use  of  8. 1  meV  for  the  binding  energy,  consistent  with  the 
binding  energy  for  Cd  (or  Zn),1’ 23  explained  well  the  transi¬ 
tion  energies  observed  for  the  weak  resonances.  The  value 
for  the  Au  binding  energy  is  in  excellent  agreement  with 
oscillatory  photoconductivity  measurements, 15,16  where  the 
long  wavelength  threshold  was  obtained. 

The  excellent  fit  to  the  Au  transition  data  seen  in  Fig.  3 
(solid  dots  and  lines)  shows  that  the  excited  state  energies  of 
the  Au  acceptor  must  be  very  close  to  the  calculated  light 
hole  Landau  level  energies.  The  same  is  seen  for  the  Cd  data 
(dashed  lines — open  dots).  This  indicates  that  the  excited 
states  (excluding  s  states)  of  single  and  double  acceptors  do 
not  significantly  differ  from  one  another.  This  feature  agrees 
with  predictions  for  single  and  double  acceptors  in  Oe24  and 
has  been  seen  for  Cd  and  Ag  acceptors  in  InSb1''  at  zero- 
magnetic  field,  and  for  Cd  acceptors  in  InSb  in  the  presence 
of  a  magnetic  field. 1 3  This  is  the  first  time,  however,  that  this 
feature  has  been  observed  for  Au  acceptors  in  InSb  using 
magneto-optical  techniques. 

In  summary,  we  have  shown  that  high  resolution  mag¬ 
neto-optical  techniques  can  be  used  to  detect  and  identify 
deep  acceptor  impurities  in  InSb.  This  technique  also  pro¬ 
vides  information  about  the  behavior  of  acceptor  impurities 
in  the  presence  of  an  external  magnetic  field  and  allows  ex¬ 
traction  of  ground  slate  binding  energies.  In  principle,  if  the 
acceptor  cross  section  is  measured  or  known  then  one  could 
also  develop  this  technique  into  a  tool  for  determining  the 
number  of  acceptors  present  in  the  semiconductor  crystal. 
Thus,  high  resolution  magnetospectroscopy  is  a  valuable 
method  for  the  characterization  of  semiconductor  materials. 
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High-resolution  magneto-optical  experiments  on  p-type  InSb  have  been  performed  over  a 
wide  range  of  temperatures  and  photon  energies  for  the  sample  orientations  B  fill)  and 
Bi  i  <  100 ) .  The  spectra  obtained  at  temperatures  greater  than  -  20  K  result  from 
combined-resonance  transitions  of  free  holes  between  heavy-  and  light -hole  Landau  levels, 
while  bound-hole  transitions  between  ground  heavy-hole-like  and  excited  light-hole-like  ac¬ 
ceptor  states  are  observed  at  lower  temperatures  The  high  resolution  of  the  low- 
temperature  spectra  has  allowed  observation  of  bound-hole  transitions  originating  from 
heavy-hole-like  ground  states  to  final  excited  acceptor  states  associated  with  light-hole  Lan¬ 
dau  levels  with  quantum  numbers  n  =  -  1  to  27  Polarization  and  Hall-coefficient  measure¬ 
ments  have  confirmed  the  ongin  of  both  the  bound-  and  free-hole  spectra  Analysis  of  the 
high-temperature  free-hole  combined-resonance  data  along  with  extensive  mtra-conduction- 
band  and  two-photon  interband  data  using  a  modified  Pidgeon  and  Brown  8*8  hand  model 
has  allowed  the  determination  of  a  single  set  of  band  parameters  for  InSb  that  quantitatively 
describes  these  different  sets  of  data  In  addition,  a  ground-state  binding  energy  of  8  1  ±0.  3 
meV  for  Cd  acceptors  has  been  extracted  from  analysis  of  the  bound-hole  spectra.  The 
energy  band  parameters  determined  from  this  work  are  E, -- 0.2352  eV  Ep  -  23  2  eV, 

A  =  0.803  eV.  y,  =  3.25.  y;=  -0.2.  >•>-- 0.<T  *=-  I  3.  F  0  2.  y  0  0.  and  .V,  =.  -0.55. 


I.  INTRODUCTION 

In  the  past  the  determination  of  band  parameters 
for  InSb  has  depended  largely  on  the  results  of 
intra-conduction-band  and  one-photon  interband  ex¬ 
periments.  Owing  to  substantial  disagreement  be¬ 
tween  the  parameters  adjusted  to  fit  the  conduction 
band  and  the  interband  data,  some  doubt  arose  as  to 
the  validity  of  the  quasi-Ge  model  for  InSb  pro¬ 
posed  by  Pidgeon  and  Brown.1  However,  it  has  been 
shown  by  Weiler2  and  more  recently  by  Efros  et  al. ' 
that  exciton  effects  must  be  included  in  order  to 
properly  describe  the  one-photon  interband  results. 
Also,  intra-conduction-band  experiments  are  rela¬ 
tively  insensitive  to  the  nature  of  the  valence  bands 
and  are  thus  not  particularly  suited  to  the  deter¬ 
mination  of  valence-band  parameters.  Therefore  it 
is  not  surprising  that  there  is  some  disagreement  be¬ 
tween  published  sets  of  band  parameters  which  have 
been  obtained  by  separate  analyses  of  either 
conduction-band  or  interband  data. 

Another  reason  for  the  discrepancy  between  band 
parameters  is  the  relative  lack  of  hole-imraband 
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data,4  12  in  contrast  to  the  numerous  conduction 
electron  studies  reported,  and  the  added  difficulty  in 
interpretation  of  these  results  due  to  the  greater 
complexity  of  the  valence  bands  in  InSb.  Specifical¬ 
ly.  Suzuki  and  Hcnsel1'  have  shown  that  the  degen¬ 
eracy  of  the  valence  bands  at  the  center  of  the  Bnl- 
louin  zone  introduces  kz  -dependent  energy  differ¬ 
ences  in  most  observable  intraband  transitions  that 
take  place  near  the  band  edge.  Earlier  hole- 
cyclotron-resonance  studies4 met  these  difficulties 
in  the  interpretation  of  their  results.  Ranvaud 
showed  that  the  application  of  uniaxial  stress  sim¬ 
plifies  the  hole-cyclotron-resonance  spectra  by  de¬ 
stroying  the  cubic  symmetry  responsible  for  the  de¬ 
generacy  of  the  valence  bands,  and  later  Ranvaud 
el  al .8  investigated  both  hole-cyclotron  and  com¬ 
bined  resonance  as  a  function  of  applied  stress. 
However,  the  hydrogen  cyanide  (HCN)  laser  spec¬ 
trometer  used  only  allowed  observation  of  transi¬ 
tions  near  the  band  edge;  therefore  it  is  not  unex¬ 
pected  that  the  parameters  determined  differed  sig¬ 
nificantly  from  those  obtained  by  analysis  of  inter¬ 
band  and  intra-conduction-band  data. 
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Only  one  attempt  has  been  made  to  include  hole- 
intraband  data  along  with  one-photon  interband  and 
conduction-band  data  in  order  to  obtain  a  single  set 
of  band  parameters  for  InSb.  Grisar  et  al. 9  obtained 
photoconductive  spectra  for  p- type  InSb  at  12  K  for 
two  COj  laser  wavelengths.  These  spectra  were  in¬ 
terpreted  as  LO  phonon-assisted  spin-conserving 
free-carrier  transitions  between  light-hole  Landau 
levels  and,  by  analyzing  tltis  data  along  with  the  in¬ 
terband  and  conduction-band  data,  a  new  set  of 
band  parameters  were  supposedly  obtained.  Howev¬ 
er,  similar  spectra  in  the  same  temperature  regime 
first  obtained  by  Kaplan,10  and  later  by  Littler 
et  al. 1 1  using  a  C02  laser,  were  instead  described  in 
terms  of  hole  transitions  from  a  Cd  acceptor  ground 
state  to  excited  acceptor  states  closely  associated  in 
energy  with  the  light-hole  Landau  levels.  Addition¬ 
al  verification  for  the  identification  of  the  spectra 
came  from  temperature-dependent  Hall-coefficient 
measurements.  Littler  et  al. 1 1  explained  their  accep¬ 
tor  excitation  spectra  using  a  three-band  model14  to 
calculate  the  transition  energies,  and  a  good  fit  of 
theory  to  data  was  obtained.  However,  the  three- 
band  model  used  does  not  describe  accurately  all 
band  features.  Clearly,  a  definitive  determination  of 
the  band  parameters  for  InSb  has  yet  to  be  achieved. 

In  this  paper  we  present  extensive  high-resolution 
hole-intraband  data  which  must  be  used  for  the 
proper  determination  of  band  parameters  for  InSb. 
New  low-  and  high-temperature  spectra  obtained  for 
B|  |  <  1 1 1  >  and  Bj  |  <  100)  through  the  use  of  C02  and 
optically-pumped  far-infrared  (far-ir)  lasers  and  con¬ 
ventional  grating  monochromators  is  presented. 
The  low-temperature  (Tl  <20  K)  spectra  are  de¬ 
scribed  in  terms  of  bound-hole  transitions  between 
heavy-hole-like  ground  and  light-hole-like  excited 
acceptor  states;  the  high-temperature  ( TL  >  20  K) 
spectra  result  from  combined  resonance  of  free  holes 
between  different  spin  states  of  the  heavy-  and 
light-hole  Landau  levels.  The  high  resolution  of  the 
low-temperature  spectra  has  allowed  identification 
of  bound-hole  transitions  with  final  excited  acceptor 
states  associated  with  the  light-hole  Landau  level 
quantum  numbers  n  =  —  1  to  27.  Anisotropy  effects 
seen  in  both  the  combined-resonance  and  bound-hole 
spectra  have  provided  additional  constraints  neces¬ 
sary  for  determining  the  final  set  of  band  parame¬ 
ters.  We  have  used  a  modified  version15  of  the 
Pidgeon  and  Brown  quasi-Ge  model  for  InSb  to 
analyze  our  results  and,  along  with  the  use  of  exten¬ 
sive  conduction-band  and  two-photon  interband 
data,  have  been  able  to  determine  a  set  of  band 
parameters  for  InSb.  This  new  set  of  parameters  ex¬ 
plains  well  not  only  the  valence-band  results  present¬ 
ed  here  but  also  those  of  a  number  of  other  experi¬ 


ments:  two-photon  interband, 16  ’  conduction-band 
cyclotron'*' 20  and  combined918'21  resonance, 
conduction-band  cyclotron92'’'22  and  combined921- 
resonance  harmonics,  electron-spin  resonance2'  25 

and  phonon-assisted  cyclotron-resonance  harmon- 

ics<u5.2i.2*-2s 

In  addition  to  the  band  parameters  obtained  we 
show  that  the  high-resolution  magneto-optical  tech¬ 
niques  employed  in  this  study  are  useful  for  sensi¬ 
tively  detecting  the  presence  and  determining  the  lo¬ 
cation  of  acceptor  impurity  states  in  the  forbidden 
energy -gap  region.  Until  now,  other  studies 
designed  to  investigate  acceptor  impurities  in  InSb 
have  consisted  largely  of  oscillatory  photoconduc¬ 
tivity,'031  negative  photoconductivity,32  and 
transmission33  studies  at  zero  magnetic  field,  and 
Hall  measurements.30'34,35  From  the  analysis  of  the 
low-temperature  bound-hole  spectra,  a  value  of 
8. 1+0.3  meV  has  been  determined  for  the  Cd 
ground-state  binding  energy.  Also  from  the  analysis 
we  are  able  to  obtain  information  about  the  magnet¬ 
ic  field  dependence  of  the  Cd  ground  and  excited  ac¬ 
ceptor  impurity  states. 

II.  THEORY 

In  this  study  extensive  use  was  made  of  a  modi¬ 
fied  Pidgeon  and  Brown  8x8  quasi-Ge  band  model. 
We  have  adopted  the  version  presented  by  Weiler 
et  al .,15  which  was  used  to  describe  warping  and 
inversion-asymmetry-induced  cyclotron-harmonic 
transitions  in  InSb.  In  this  version  the  complete 
InSb  k  •  p  Hamiltonian  is  obtained  to  first  order  in  B 
and  second  order  in  k,  and  the  quasi-Ge  model  is 
described  for  the  magnetic  field  lying  in  the  (110) 
plane  of  the  crystal.  The  energies  of  the  conduction 
band,  and  the  light-hole,  heavy-hole,  and  split-off 
valence  bands  are  calculated  in  an  approximate 
coupled-band  scheme  which  includes  nonparabolic, 
warping,  and  "quantum”  effects  in  such  a  manner 
that  only  4x4  matrices  corresponding  to  the  a  and 
b  Landau  ladders  need  to  be  diagonalized  for  each 
Landau  quantum  number  n.  The  model  uses  a 
group-theoretical  treatment  to^  obtain  all  allowed 
matrix  elements  of  k  and  k  X  k  among  the  valence- 
band  states  transforming  as  the  Tg  representation  of 
the  double  group.  The  results  give  a  complete  set  of 
adjustable  parameters  for  the  coupled  T6,  r7,  and  T g 
bands.  The  set  of  basis  functions  used  by  Weiler  are 
slightly  different  from  other  sets  found  in  the  litera¬ 
ture. 

The  strongest  allowed  transitions  are  those  pro¬ 
portional  to  the  interband  matrix  element  P,  and  the 
selection  rules  for  both  intraband  and  interband 
transitions  are  given  by15 
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for  a*.  i t j  ,  and  rr,  respectively.  For  imraband  tran¬ 
sitions.  the  r  transition  occurs  at  o  -  w,.  +w,  or  the 
“combined -resonance"  frequency,  where  <•>,.  is  the 
cyclotron  frequency  and  w,  is  the  spin-flip  frequen¬ 
cy.  and  the  ot  transition  occurs  at  <■»  -ioc.  Also,  in 
this  approach  the  valence-band  states  are  not  renum¬ 
bered  n  -n  -c  1  as  was  done  by  Pidgeon  and  Brown. 

Free-hole  transitions  between  valence-band  Lan¬ 
dau  levels  obeying  the  selection  rules  given  in  Eq.  (I) 
should  be  observable  in  p-type  InSb  following 

thermal  ionization  of  the  acceptors  present  in  the 

material.  The  selection  rules  apply  equally  well  for 
free-hole  transitions  from  heavy-  to  heavy-hole, 
heavy-  to  light-hole,  and  light-  to  light-hole  Landau 
levels  and  thus  the  particular  transitions  observed 
depend  on  the  thermal  population  of  the  initial 
states  and  the  range  of  photon  energies  employed. 
Since  relative  strengths  and  field  positions  of  al¬ 
lowed  transitions  are  directly  obtainable  from  band- 
model  calculations,  they  provide  a  straightforward 
method  for  identifying  observed  transitions. 

At  low  temperatures  holes  are  frozen  out  onto  ac¬ 
ceptor  site.,  and  another  class  of  excitations  involv¬ 
ing  transitions  between  acceptor  impurity  states  then 
becomes  possible.  A  standard  approach  to  the  treat¬ 
ment  of  acceptor  impurity  states  in  the  presence  of 
an  external  magnetic  field  is  to  use  the  effective- 
mass  approximation.,(l  This  approach  was  used  by 
Lin-Chung  and  Henvis'7  to  describe  high-field 
donor  and  acceptor  states  associated  with  the  Lan¬ 
dau  levels  by  extending  the  effective-mass  approxi¬ 
mation  to  include  the  details  of  the  InSb  band  struc¬ 
ture.  From  this  analysis  we  note  several  features 
characteristic  of  bound-hole  states.  First,  unlike  free 
holes,  bound  holes  possess  unique  states.  Also  be¬ 
cause  of  the  degeneracy  of  the  valence  bands,  the  ac¬ 
ceptor  states  in  a  magnetic  field  exist  in  association 
with  both  heavy-hole  and  light-hole  Landau  levels. 
At  low  temperatures  it  is  expected  that  the  excited 
acceptor  states  would  be  the  final  states  of  hole  tran¬ 
sitions  onginating  from  a  ground  acceptor  state. 
Transitions  to  the  continuum  levels  are  not  expected 
to  dominate  since  transition  probabilities  to  states  in 
the  continuum  decrease  with  increasing  field.,i!  The 
selection  rules  between  acceptor  states  are  expected 
to  be  the  same  as  that^given  for  donor  states;  i.e.,  for 
r  polarization  or  e||B,  the  selection  rule  is  A.V^O, 
AAf  =  0,  AA  odd,  and  for  circularly  polarized  radia¬ 
tion  the  selection  rule  is  AAr=0  or  '1,  A M  -  - 1 , 
and  AA  even  (A 1  is  positive  for  oL  and  negative  for 
o„). 
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Ill  EXPERIMENTAL  METHOD 

The  experiments  described  in  this  work  were  per¬ 
formed  on  p-type  InSb  crvstals  grown  either  by 
Cominco  or  by  E  M.  Swiggard  of  Naval  Research 
Laboratory  (N’RL).  Cd  was  the  acceptor  used  for 
doping,  with  the  v  alues  of  A',,  -  SD  in  the  range 
(0  5  -  1.5 1  \  1014  cm  l.  Sample  thicknesses  were 
typically  3  5  mm  for  transmission  and  0.1  mm  for 
photoconductivity  studies  For  high-magnetic-field 
measurements  a  Bitter  solenoid  of  the  NRL  High 
Magnetic  Field  Facility  and  signal  ratioing  tech¬ 
niques  were  employed  At  lower  fields,  measure¬ 
ments  were  performed  using  either  an  iron  core 
magnet  along  with  magnetic  field  modulation  and 
sampling  oscilloscope  techniques,40  or  a  supercon¬ 
ducting  solenoid  and  signal  ratioing. 

The  wide  range  of  fixed  photon  energies  used  in 
the  experiments  were  provided  by  CO:  and  optically 
pumped  far-ir  lasers,  a  grating  monochromator,  and 
an  interferometric  spectrometer.  Measurements 
were  conducted  on  samples  in  both  Faraday  and 
Voigt  configurations,  with  either  B j  j  <  1 1 1  >  or 
B  (100)  The  low-field  facility  at  North  Texas 
State  University  (NTSU)  had  light  polarization 
capabilities,  whereas  the  high-field  facility  at  NRL 
did  not;  therefore,  except  where  indicated,  the  light 
incident  on  the  sample  was  unpolarized,  containing 
both  o  and  rr  components. 

In  order  to  achieve  the  wide  range  of  temperatures 
used,  the  sample  was  situated  in  a  cryogenic  optical 
Dewar  and  was  either  immersed  in  liquid  helium  or 
nitrogen,  surrounded  by  flowing  helium  gas,  or  im¬ 
mersed  in  a  static  helium  exchange  gas  on  a  heated 
sample  block  in  a  tube  immersed  in  liquid  helium. 
Temperatures  between  4.2  and  77  K  were  monitored 
by  either  a  calibrated  thermocouple  or  a  Lake  Shore 
Cryotromcs  carbon-glass  resistor  located  nearby  the 
sample. 

IV.  RESULTS 

Figure  1  shows  a  comparison  of  the  transmission 
spectra  obtained  for  a  single  sample  of  p-InSb  at 
four  different  temperatures.  Resonant  minima  in 
the  transmission  are  seen  in  the  spectra  at  various 
magnetic  fields.  The  change  in  transmission  in  the 
4.2-K  spectra  from  the  monotonic  background  to 
the  resonance  position  at  83  kG  is  approximately 
7%.  Clearly,  a  substantial  change  in  the  spectra  is 
seen  in  going  from  4.2  to  38  K.  The  doublet  feature, 
resolved  at  fields  above  40  kG  in  the  low- 
temperature  spectra,  is  seen  to  die  out  as  the  tem¬ 
perature  is  increased  and  a  new  set  of  resonances  ap¬ 
pear  Also,  the  linewidths  of  the  low-temperature 
minima  are  significantly  narrower  than  that  of  the 
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FIG  2.  Temperature  dependence  of  the  Hall  coeffi¬ 
cient  for  Cd-doped  InSb  From  the  semiloganthmic  plot 
it  is  seen  that  hole  freezout  has  occurred  at  temperatures 
below  —  12  K 


FIG.  I.  Comparison  of  the  transmission  spectra  ob¬ 
tained  from  a  sample  of  Cd-doped  p-type  InSb  at  9.57  pm 
for  four  different  temperatures.  The  observed  transmis¬ 
sion  minima  result  from  absorption  resonances  corre¬ 
sponding  to  high-temperature  free-hole  transitions  be¬ 
tween  heavy-  and  light-hole  Landau  levels  and  low- 
temperature  bound-hole  transitions  between  ground  and 
excited  acceptor  impurity  states. 


high-temperature  minima.  These  differences  sug¬ 
gest  that  two  different  types  of  transitions  are  re¬ 
sponsible  for  the  spectra  observed  at  low  and  high 
temperatures.  To  aid  in  determining  the  origin  of 
the  observed  transitions,  the  Hall  coefficient  was 
measured  at  various  temperatures  in  order  to  help 
identify  the  contribution  of  free  holes  in  the  ob¬ 
served  transitions.  The  results  of  this  study  are 
presented  in  Fig.  2.  These  measurements  indicate 
that  free-hole  generation  starts  to  occur  at  approxi¬ 
mately  12-14  K,  thus  indicating  that  bound-hole 
(i.e.,  acceptor)  transitions  are  responsible  for  the 
low -temperature  spectra  and  free-hole  transitions  are 
responsible  for  the  high-temperature  spectra,  In  ad¬ 
dition,  the  narrower  linewidth  of  the  low- 
temperature  spectra  indicates  that  the  transitions  ob¬ 
served  at  low  temperatures  are  to  discrete  states 
rather  than  continuum  levels,  in  agreement  with  the 
bound-hole  transition  model.  Therefore,  the  data 
and  hence  our  results  and  discussion  will  be  separat¬ 
ed  into  two  categories,  free-  and  bound-hole  spectra, 
respectively. 

A.  Free-hole  spectra 

The  spectral  region  investigated  in  this  work  in¬ 
cludes  many  possible  transitions,  due  to  the  mixed 
character  of  the  wave  functions  and  the  thermal 
population  of  numerous  low-lying  levels.  These 
transitions  tend  to  group  around  the  closely  spaced 


pairs  of  light-hole  Landau  levels.  Figure  3  shows  a 
diagram  of  the  six  possible  free-hole  transitions  al¬ 
lowed  at  60  kG  for  the  light-hole  energy  range 
120—130  meV.  The  transitions  satisfy  the  selection 
rules  given  by  Eq.  (1)  of  Sec.  II.  The  energies  were 
obtained  using  the  band  parameters  cited  in  Table  1 
for  the  sample  orientation  B|!(lll).  Also  shown 
are  transitions,  labeled  A,  corresponding  to  bound- 
hole  transitions  that  are  present  at  low  temperatures 
(77  <  20  K.).  These  transitions  will  be  discussed 
later. 

Since  most  of  the  high-field  spectra  was  obtained 
using  unpolartzed  light,  containing  both  a  and  tr 
components,  the  observed  free-hole  spectra  is  as¬ 
sumed  to  contain  contributions  from  all  six  possible 
transitions.  Figure  4  shows  the  wavelength  depen¬ 
dence  of  the  free-hole  spectra  obtained  for 
B 1 1  <  111  > .  The  arrows  show  how  a  given  peak 
tracks  with  photon  energy.  The  identification  of  the 
transitions  responsible  for  the  transmission  minima 
observed  was  arrived  at  by  calculating  the  positions 
and  relative  strengths  of  alt  six  allowed  transitions, 
and  comparing  these  results  with  the  data  An  ex¬ 
ample  of  this  can  be  seen  in  Fig.  5.  The  transition 
strengths  (directly  proportional  to  the  absorption 
coefficient)  were  determined  by  calculating  the 
square  of  the  matrix  elements,  for  oL  (transition  I ), 
oK  (transition  2),  and  v  (transition  3)  polarizations. 
These  relative  transition  strengths  were  plotted  as  a 


TABLE  I  Comparison  of  band  parameters 
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FIG.  4.  Wavelength  dependence  of  the  high- 
temperature  free-hole  transmission  spectra  for  Bl[(  111 ). 
Arrows  indicate  how  a  given  peak  tracks  with  photon  en¬ 
ergy 


FIG.  3.  Diagram  showing  allowed  free-  and  bound- 
hole  transitions  involving  the  a+(4)  and  3)  light-hole 
Landau  levels  at  8  =60  kG  for  §]]  U 1 1 ).  At  low  tem¬ 
peratures,  the  bound-hole  transitions  (labeled  A)  originate 
from  the  Cd  ground-state  acceptor  level  shown.  At  high 
temperatures  free-hole  transitions  are  observed  between 
heavy-  and  light-hole  Landau  levels. 

P13.  H.)o 

function  of  magnetic  field,  as  seen  in  the  lower  half 
of  Fig.  5.  It  can  be  seen  that  the  strongest  allowed 
transitions,  by  a  factor  of  —3,  are  those  correspond¬ 
ing  to  combined  resonance  of  free  holes 
[b~(/i  +  l)-»<2  +(n)  and  a~(rt  —  II— »t+(nl]  requir¬ 
ing  n  polarization,  rather  than  the  cyclotron- 
resonance  transitions  predicted  for  aL  and  aR  light 
polarizations.  Figure  5  also  shows  the  experimental 
spectra  obtained  with  the  same  transition  energy, 
118.15  meV  (A.  =  10.49  fim),  that  was  used  in  calcu¬ 
lating  the  field  positions  of  the  relative  transition 
strengths  A  one-to-one  correspondence  of  the 
transmission  minima  with  the  average  position  of 
the  combined-resonance  transitions,  indicated  by  the 
arrows,  can  be  seen  throughout  the  entire  spectra. 

Figure  6  shows  the  results  of  a  transmission  ex¬ 
periment  camed  out  at  low  magnetic  fields  and  high 
sample  temperatures  using  linearly  polarized  light  to 
determine  the  selection-rule  dependence  of  the  ob¬ 
served  transitions.  The  spectra  presented  was  taken 
using  field-modulation  techniques,  and  they 
represent  the  second  derivative  of  the  transmission. 
Owing  to  the  low  signal-to-noise  ratio  in  this  field 
range,  the  experiment  was  repeated  several  times 


R  3.  E  .  U 

and  the  same  results  were  obtained.  It  is  seen  that 
the  transmission  minima  using  tr(ejlB)  polarization 
are  2y-3  times  larger  than  those  observed  using 
(elB)  polarization,  consistent  with  the  calculated 
transition  strengths  presented  in  Fig.  5^  Also,  the 
observed  transmission  minima  for  elB  occur  at 
slightly  higher  fields  than  the  minima  observed  for 
el|B.  This  seems  to  be  a  result  of  the  stronger  <jL 
transition,  also  seen  from  Fig.  5.  Thus  we  conclude 
that  the  transmission  minima  obtained  with  unpo¬ 
larized  light  originate  predominantly  from  un¬ 
resolved  closely  spaced  pairs  of  combined-resonance 
transitions,  and  the  average  calculated  positions 
were  used  to  fit  the  spectra. 

Experiments  were  also  performed  for  the  magnet¬ 
ic  field  oriented  parallel  to  the  (100)  crystallo¬ 
graphic  direction  in  order  to  observe  any  effects  of 
hole  anisotropy  on  the  transition  energies.  We 
indeed  do  see  a  striking  effect  on  the  observed  spec¬ 
tra  due  to  hole  anisotropy  by^ comparing  the  spectra 
obtained  for  B||(lll)  and  B||(100):  such  a  com¬ 
parison  is  shown  in  Fig.  7.  To  our  knowledge,  this 
is  the  first  time  that  this  anisotropy  has  been  ob¬ 
served  in  combined  resonance  free-hole  spectra.  It  is 
seen  that  the  minima  observed  in  the  B| |  <  100 >  spec¬ 
tra  occur  at  higher  magnetic  field  than  the  minima 
observed  in  the  B| | <  1 1 1  >  spectra.  Also,  the  relative 
shift  between  the  corresponding  minima  is  seen  to 
decrease  with  increasing  field.  These  features  can  be 
explained  by  looking  more  closely  at  the  anisotropy 
of  the  light  and  heavy-hole  Landau-level  energies 
for  the  a  and  b  ladders.  As  will  be  discussed  later 


or  -  n 


27  HIGH-RESOLUTON  MAGNETO-OPTICAL  STUDIES  OF  FREE  .  .  7479 


Blkfil 


FIG  5  Comparison  of  free-hole  transmission  spectra  obtained  at  10.49  /im  with  theoretically  calculated  field  positions 
and  relative  transition  strengths  for  different  light  polarizations.  The  numbers  indicate  the  light  polarization:  Oi  =1, 
0^  -  2.  rr  ).  The  arrowed  dashed  lines  show  the  one-to-one  correspondence  between  the  average  field  position  of  the 
combined  resonance  trr)  transitions  and  the  observed  resonant  transmission  minima 


p.-j. n . 


FIG  6  Polarization  dependence  of  the  free-hole 
transmission  spectra  at  low  fields  for  the  Voigt  configura¬ 
tion  The  amplitude  of  the  spectra  obtained  for  e‘  B  It 
polarization)  is  2y-3  times  that  obtained  for  elB,  in 
agreement  with  theoretical  predictions  of  the  relative 
transition  strengths. 

f H  .  13 


X 

(see  Fig.  15  and  corresponding  discussion)  it  is  seen 
that  only  the  b  set  of  the  light-hole  Landau  levels 
displays  any  significant  effects  due  to  the  hole  aniso¬ 
tropy.  In  contrast,  both  the  a  and  b  heavy-hole  Lan¬ 
dau  ladders  show  effects  of  hole  anisotropy.  Thus 
for  the  transitions  obeying  the  selection  rule  b~(n) 


l  Ittl 

FIG.  7  Free-hole  transmission  spectra  obtained  at 
10.21  fi m  for  B 1 1 <  1 1 1 )  and  B[j(!00).  Arrowed-dashed 
lines  show  the  shift  in  resonant  minima  field  positions  due 
to  the  effects  of  heavy,  and  light-hole  anisotropy. 
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FIG.  8  Combined-resonance  transition  energies  calculated  from  the  8x8  band  model  (solid  lines)  and  the  observed 
f roe-hole  transitions  (dotsl  for  B(lll>  The  numbers  correspond  to  the  following  transition  assignments  ), 
b~(  1 )— »a  *(0);  2,  a  +<  -  1  1—6  *  (0);  3.  b  (2)— a  I );  4,  6  ~( 3  >  —  a4(2);  5.  a  1 i  —  b -(21;  6,  b'<  4)-.a*(3l;  7, 
a ~(2)— *t> *(3);  8,  t>-|5)—a  +  (4);  9,  a-(3)-.b*(4);  10.  b '(6>-.a  *(5);  II.  o -(4)  —  *  *15);  12,  b -(71— a  +(6);  13, 
a “(51— *6  +(6);  14,  6 -(8)— .a  +(7);  15,  a  (6]—b+(7);  16,  fc-(9>  — a*(8);  17,  a ~i7)  — 6 *(8>;  18,  6 -( 101— a +19t;  19, 
a  (8)—.*  *(9);  20.  6  ~( 1 11— «+( 101;  21,  a -(91— 6+(I0);  22,  b  “( 12)— a  +  ( 1 1 ). 

F.'g.  n  j5 


— •a+(n  — 1)  the  shift  in  corresponding  minima  is 
predominantly  due  to  the  anisotropy  in  the  energies 
of  the  heavy-hole  b  ladder,  while  for  transitions 
obeying  a~(n)— *6+(n  +1)  contributions  to  the  ob¬ 
served  shift  come  about  equally  from  both  the  a 
heavy-hole  and  b  light-hole  ladders. 

Determination  of  the  band  parameters  obtained  in 
this  study  was  accomplished  in  several  steps.  First, 
extensive  intra-conduction-band  and  two-photon  tn- 
terband  data,  reported  elsewhere,916-29  were  Fitted 
using  the  modified  Ptdgeon  and  Brown  8x8  band 
model.  In  order  that  correct  effective  masses  would 
result,  equations  of  constraint  were  used  to  constrain 
the  values  of  y2  -  y}  and  the  heavy  hole  m  ~  (<  1 1 1  >) 
at  -  1. 1  and  O.45m0,  respectively.  These  values 
were  chosen  to  agree  with  previous  major  studies 
(see  Table  It.  The  value  of  A  was  also  held  fixed  at 
0.803  eV,  as  determined  from  the  stress- modulated 
magnetoreflectance  results  of  Aggarwal 41  Then,  us¬ 
ing  the  combined-resonance  free-hole  data  presented 
here,  adjustments  were  made  to  the  set  of  parame¬ 
ters  in  order  to  best  describe  all  data.  It  was  seen 


that  the  anisotropy  of  the  free-hole  data  provided 
additional  constraints  necessary  to  determine  the  fi¬ 
nal  values  for  the  band  parameters;  in  particular,  the 
values  of  the  valence-band  parameters,  y |t  y2.  Yh  K • 
and  Ep.  The  resulting  set  of  parameters  are  listed  in 
Table  I.  along  with  other  published  parameter  sets 
for  comparison.  From  the  comparison  it  is  seen 
that,  with  the  exception  of  Eg,  our  set  of  parameters 
agree  most  closely  with  those  of  Weiler,2  who  in¬ 
cluded  exciton  effects  in  analyzing  her  one-photon 
interband  results.  In  addition,  some  similar  agree¬ 
ment  is  seen  with  the  very  recent  results  of  Efros 
et  al.}  (in  particular,  the  values  of  Ep  and  y|),  who 
also  analyzed  one-photon  interband  data  using  exci¬ 
ton  corrections. 

Figures  8  and  9  show  the  results  obtained  by  us¬ 
ing  our  set  of  parameters  to  calculate  the  transition 
energies  for  B||<  111  >  and  B  K  100 >.  Since  the  data 
was  taken  over  a  large  range  of  temperatures  rang¬ 
ing  from  20  to  77  K,  a  value  of  233  meV  for  Et  was 
used  for  free-hole  results.  This  value  for  Et  is  ap¬ 
proximately  the  value  of  the  band  gap  at  TL=  40  K, 
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FIG.  9.  Theoretically  calculated  combined-resonance  transition  energies  (solid  lines)  and  observed  free-hole  transitions 
(dots)  for  Bi  <  100).  The  numbers  correspond  to  the  transition  assignments  listed  in  the  caption  for  Fig.  8. 
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FIG.  10  Companson  of  our  observed  free-hole  transitions  for  B|  |  <  1 1 1  >  (dots)  with  the  theoretically  calculated  transi¬ 
tion  energies  using  the  band  parameters  of  Ranvaud  et  al  (Ref  8'  (solid  lines)  and  Pidgeon  and  Groves  (Ref.  42)  (dashed 
lines)  Neither  set  of  parameters  is  seen  to  describe  our  combined  resonance  free-hole  spectra. 
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as  determined  from  two-photon  studies.1  The  final 
fit  for  our  combined-resonance  data  is,  however,  not 
very  sensitive  to  small  changes  in  Eg.  An  excellent 
fit  is  obtained  which  explains  well  all  observed 
features  of  the  combined-resonance  data.  From 
Table  I  we  see  that  the  effective  masses  and  g-factor 
calculated  using  this  new  set  of  band  parameters 
compares  favorably  to  other  sets  of  published  values. 

A  preliminary  study  of  the  free-hole  spectra,  re¬ 
ported  earlier,12  obtained  a  fit  similar  to  that  shown 
in  Figs.  8  and  9.  This  fit,  however,  was  obtained 
without  the  benefit  of  the  intra-conduction-band 
data  as  a  constraint.  The  energies  of  the  combined- 
resonance  transitions  calculated  for  the  B  <  100  > 
orientation  using  this  set  of  band  parameters 
displayed  a  separation  approximately  3  times  larger 
than  that  seen  in  Fig.  9.  With  this  large  a  separa¬ 
tion,  doublets  would  have  been  easily  resolved  But, 
as  is  seen  in  Figs.  4,  5,  and  7,  this  doublet  feature  is 
not  present.  Also,  calculations  made  using  this  set 
of  parameters  gave  heavy-hole  effective  masses  30r> 
larger  than  what  would  be  expected.  Thus  we  see 
that  it  is  important  to  include  data  from  all  regions 
in  the  analysis  in  order  to  obtain  a  correct  set  of 
parameters 

We  recalculated  the  transition  energies  for 
B  <  1 1 1  >  using  other  published  sets  of  band  param¬ 
eters  and  found  relatively  poor  agreement  with  our 
data,  as  is  shown  in  Fig.  10.  This  figure  shows  the 
transition  energies  obtained  using  parameters  ob¬ 
tained  bv  Ranvaud  et  al isolid  lines'  and  Pidgeon 
and  Groves42  'dashed  lines).  It  is  seen  that  neither 
set  describes  the  combined-resonance  data  presented 
here  Thus  is  it  is  evident  that  our  new  set  of  free- 
hole  data  must  be  included  in  order  to  determine  a 
proper  set  of  band  parameters  for  InSb 

B.  Bound-hole  spectra 

As  was  previously  discussed,  at  sample  tempera¬ 
tures  below  —  14  K  holes  are  frozen  out  onto  accep¬ 
tor  sites,  and  bound-hole  transitions  should  then  be 
observed  in  the  transmission  or  photoconductive 
spectra.  Figure  11  shows  a  comparison  of  photo- 
conductive  and  transmission  spectra  obtained  at  4.2 
K  for  9.57  ^m.  A  one-to-one  correspondence  be¬ 
tween  the  transmission  minima  and  the  photocon¬ 
ductive  peaks  is  evident.  As  indicated  by  the  ar¬ 
rows,  there  is  no  shift  seen  in  peak  positions  between 
the  transmission  and  photoconductive  spectra. 
However,  the  photoconductive  spectra  provides 
much  better  resolution  than  does  the  transmission 
spectra  Clearly,  the  photoconductive  measurements 
provide  a  more  sensitive  means  of  determining  small 
changes  in  absorption  due  to  resonant  processes 

The  inset  of  Fig  1 1  shows  transmission  data  tak¬ 


en  using  magnetic  field  modulation  and  sampling 
oscilloscope  techniques  and  indicates  the  high  reso¬ 
lution  possible  at  low  field  using  these  techniques. 
From  Fig.  11  it  is  noted  that,  unlike  the  free-hole 
spectra,  an  apparent  doublet  is  resolved  at  higher 
fields.  This  feature  has  been  previously  reported  in 
the  literature.4  12  The  doublet  is  a  consequence  of 
the  ordering  of  the  light-hole  Landau  levels  such 
that  a  and  b  spin  states  differing  in  quantum  num¬ 
ber  n  by  unity  [i  e..  l/>(/>  + '  1 1)  --2a(a  4 1  2 )).  etc  ]  he 
close  together  in  energy  This  ordering  is  due  to  the 
large  spin  splitting  in  the  valence  band  of  InSb, 
shown  qualitatively  in  Fig.  3. 

As  discussed  in  Sec  II.  transitions  between  accep¬ 
tor  impuritv  states  should  follow  the  same  selection 
rules  that  are  predicted  for  donor  states.  Also,  the 
observed  acceptor  excitations  should  be  equally  al¬ 
lowed  for  a  or  -  polarization.  Owing  to  the  near 
degeneracy  of  the  initial  heavy -hole-like  acceptor 
states,  the  observed  transitions  for  both  polarizations 
should  occur  at  nearly  the  same  field  positions  To 
check  this,  a  polarization  study  was  conducted  at 
low  fields  using  magnetic  field  modulation  and  sam¬ 
pling  oscilloscope  techniques,  the  results  of  which 
are  displayed  in  Fig  12  For  each  polarization  the 
same  intensity  was  incident  on  the  sample.  Little 
difference  in  either  amplitude  or  field  position  of  the 
transmission  spectra  were  detected,  in  agreement 
with  the  predictions  of  the  bound-hole  model 

Figure  13  shows  photoconductive  and  transmis 
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FIG.  11.  Comparison  of  photoconductive  and 
transmission  spectra  obtained  at  4.2  K  for  B;  {  1 1 1  )  Ar¬ 
rows  indicate  the  one-to-one  correspondence  between  the 
photoconductive  peaks  and  the  transmission  minima  The 
inst  shows  the  high  resolution  possible  at  lower  magnetic 
fields  using  magnetic  field  modulation  and  sampling  oscil¬ 
loscope  techniques  The  detector  response  shown  in  the 
inset  is  proportional  to  the  second  derivative  of  the 
transmission  signal 
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FIG.  12.  Polarization  dependence  of  the  bound-hole 
spectra  for  B!  |<  1 1 1 )  and  in  the  Voigt  configuration  No 
significant  differences  in  either  the  amplitude  or  field  po¬ 
sitions  of  the  resonant  minima  are  seen. 
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sion  spectra  obtained  at  three  different  widely 
spaced  wavelengths.  The  numbers  used  to  identify 
the  individual  transmission  minima  (or  photocon- 
ductive  peaks'  refer  to  the  light-hole  Landau  level  lo 
which  the  excited  acceptor  states  are  associated. 
Note  that  the  high  resolution  of  the  spectra  allows 
individual  transitions  to  be  studied  over  a  broad 
range  of  photon  energies.  The  unlabeled  peak  at 
-  22  kG  and  the  even  smaller  one  at  -  33  kG  in  the 
photoconductive  spectra  obtained  at  70.6  /im  have 
been  identified  as  the  free-hole  combined -resonance 
transitions  whose  assignments  are  6~f2>  *  (1) 

and  a  *  l  -  1 )  -.h+(0).  The  free  holes  in  this  case 
are  generated  by  the  photoexcitation  process  itself 
and  the  other  free-hole  transitions  possible  at  this 
energy  and  field  range  are  obscured  by  the  observed 
bound-hole  spectra. 

A  remarkable  crystallographic-dependent  aniso¬ 
tropy  of  the  transition  energies  is  observed  in  the 
bound-hole  spectra,  as  can  be  seen  in  Fig.  14  Our 
a  large  portion  of  the  spectrum,  the  high-field  com¬ 
ponent  of  the  doublet  structure  is  seen  to  shift  to 
higher  field  values  upon  changing  sample  orienta¬ 
tion  from  !  <  111)  to  B|  j  { 100),  while  the  low-field 
component  remains  virtually  stationary  This 
behavior  is  a  direct  consequence  of  the  anisotropy  of 
the  light-hole  Landau-level  energies,  assuming  thai 
the  binding  energies  of  the  excited  light-hole  accep¬ 
tor  states  themselves  do  not  show  significant  effects 
of  anisotropy.  An  example  of  this  light -hole  aniso¬ 
tropy  can  be  seen  in  Fig.  15,  which  shows  the  ener¬ 
gies  of  the  light-  and  heavy-hole  a  and  b  Landau 
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FIG.  1.7  Wavelength  dependence  of  the  bound-hole 
spectra  for  B ' ! <  111  ).  The  high  resolution  of  the  spectra 
allows  individual  transitions  10  be  tracked  over  a  broad 
range  of  photon  energies.  The  numbers  refer  to  the  light- 
hole  Landau  levels  to  which  the  excited  impurity  states 
are  associated. 
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FIG  14  Bound -hole  photoconductive  and  transmis¬ 
sion  spectra  obtained  at  10  21  /im  for  B;  (ill)  and 
B  <  100)  The  dashed  arrowed  lines  show  how  a  shift  in 
resonant  field  position  is  seen  for  the  higher  field  com¬ 
ponent  of  each  doublet,  while  no  shift  is  evident  for  the 
lower  field  component. 
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FIG  1?  Dugrani  of  the  L'ali-iilated  Landau-level  ener¬ 
gies  using  our  sel  of  hand  parameters  for  B  <111)  and 
B  ■  KX)  >  and  for  the  n  =  3,  4,  and  5  levels  showing  the 
effects  of  light-hole  anisotropy  The  h  set  of  levels,  corre¬ 
sponding  to  the  high  field  component  of  each  observed 
doublet,  is  seen  to  show  an  amsotrops  in  the  transition  en- 
ergs,  while  the  j-set  energies  for  B  <1117  anil  B  i  100) 
remain  virtually  identical 

F.'g,  n  .  zz 

ladders  I  >r  B  (III)  and  B  y  KX) )  at  60  kG  These 
energies  were  calculated  from  the  8  '  8  band  nuidel 
using  the  set  of  band  parameters  determined  in  this 
work  'see  Table  I).  It  is  seen  that  the  b  set  of  light- 
hole  levels  corresponds  to  the  high-field  t low-energy) 
component  of  each  doublet  and  is  most  sensitive  to 
the  effects  of  ;r  isotropy.  It  might  also  be  noted  that 
the  prediction  of  this  behavior  by  theory  is  sensitive 
to  the  choice  of  band  parameters  and  therefore  pro¬ 
vides  another  useful  constraint  in  the  determination 
of  the  band  parameters 

A  useful  method  for  extracting  the  zero-field  ac¬ 
ceptor  ground-stale  binding  energy  from  the  low- 
temperature  data  is  to  consider  all  field  contribu¬ 
tions  to  the  bound-hole  transition  energy  fuo.  This 
is  given  by  "  1 ' 

=  E,dO)  +  AEg5(Bi  4  --£„<«>  ,  (2) 

where  Eis > 0 1  is  the  zero-field  acceptor  ground-state 
binding  energy,  is  the  field-induced  shifl 

of  the  ground  state,  e refers  to  the  energy  of 
the  nth  light-hole  Landau  level  in  ladder  a  or  b,  and 


B i  is  the  binding  energy  of  the  excited  light-hole 
acceptor  state  (final  state  for  the  transition).  Since 
values  of  AE^'B)  and  ErJ  li 1  are  considered  to  be 
smali,  and  their  difference  even  smaller,  to  a  first 
approximation  we  may  neglect  their  contributions  to 
the  transition  energy  and  write 

Thus  the  observed  transitions  can  lx-  theoretically  fit 
by  simply  adding  the  zero-field  binding  energy  to 
the  light-hole  energies  calculated  using  the  8  ■  8 
band  model 

Figure  lb  shows  the  results  obtained  by  calculat¬ 
ing  the  transition  energies  for  Bl  (111).  We  see 
that  excellent  agreement  between  the  theoretical  pre¬ 
dictions  of  Eq.  (3)  and  our  data  is  achieved  over  the 
range  of  light-hole  quantum  numbers  n  =  —  1  to  27 
for  an  extremely  large  number  of  data  points  taken 
over  a  wide  range  of  photon  energies  t~  12-135 
meV  and  magnetic  fields  t  —  7  —  1 10  kG).  In  order 
to  more  clearly  see  the  high  resolution  of  the 
bound-hole  spectra,  Fig,  17  shows  an  expanded  view 
of  Fig.  lb  for  B  i<  1 1 1 ),  with  B  - 0  - 20  kG.  From 
this  figure  we  see  that  we  are  able  to  resolve  transi¬ 
tions  down  to  the  excited  states  associated  with  the 
n  -  26b  21a  light-hole  Landau  levels.  Figure  18 
shows  the  excellent  agreement  of  the  theory  to  our 
data  (solid  dots)  for  B  <  KX)).  In  addition  it 
shows  the  agreement  of  the  theory  using  our  set  of 
band  parameters  with  the  only  other  bound-hole 
transition  data,  taken  by  Grisar  cl  al  °  (open  trian¬ 
gles).  Here  the  agreement  of  theory  to  data  indicates 
that  C'd  'or  Zm  impurities  were  evidently  present  in 
the  sample  of  Grisar  ct  at.  since  their  data  fits  the 
transition  energies  calculated  for  the  impurity  tran¬ 
sitions.  From  our  analysis,  a  value  of  8. 1  ‘0.3  me\ 
was  obtained  for  the  ground-state  binding  energy  of 
the  Cd  acceptor  [E^IOt],  This  energy  is  in  general 
agreement  with  the  values  8.5 +0.5  meV  (Ref.  43) 
and  8  meV  (Ref  44)  found  in  the  literature.  Other 
values  found  in  the  literature  are  as  follows: 
9  3 -0.6,"’ 9.86,"  7,4'  8.5 5.4ft  and  9.1  meV.4' 

The  above  analysis  assumed  that  E^iB)  and 
AEf.,(  b  i  were  negligible  compared  to  the  transition 
energies.  This  assumption  is  particularly  valid  for 
low  magnetic  fields  and  large  light-hole  quantum 
number  n.  However,  as  suggested  by  the  theoretical 
analysis  of  Lin-Chung  and  Henvis,'  the  binding  en¬ 
ergies  of  the  p-like  excited  states  increase  monotom- 
cally  with  increasing  B  and  decreasing  n.  Therefore, 
ihe  fit  of  the  bound-hole  data  to  theory  discussed 
above  was  accomplished  by  adjusting  F.fK( 0)  such 
that  the  low-field,  high-energy  data  fit  best,  as  seen 
in  Fig.  17.  Any  deviation  seen  between  theory  and 
data  at  high  field  and  low  Landau  quantum  num- 
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FiG  16  Low -Held  bound-hole  transition  energies  for  B  <  1 1  P  and  B  -0  to  120  kG  The  line'  represent  energies  cal¬ 
culated  using  the  8  v  8  band  model  and  a  zero-field  intercept  of  8  1  mcV  Dots  represent  observed  bound-hole 

transition  energies.  The  numbers  on  the  lines  identify  the  light-hole  Landau  levels  and  the  numbers  on  the  borders  refer  to 
bound-hole  transition  assignments  leg.,  I,  ground  acceptor  level  too  *t  -  1  );  2,  ground  acceptor  level  to  h  '(  -  It.  etc  t. 


FIG  17  Calculated  bound-hole  transition  energies, 
B  <  1 1 1  I  and  B  0  to  20  kG  (solid  lines1  and  observed 
bound-hole  transitions  (dots)  The  numbers  on  the  lines 
identify  the  light-hole  Landau  levels  and  the  numbers  on 
the  borders  refer  to  bound-hole  transition  assignments  see 
Fig  16). 


bers  would  then  be  a  consequence  of  the  non- 
neghgible  value  for  or  A£gv  A  deviation  is 
indeed  observed,  as  seen  in  Fig  16.  At  magnetic 
fields  greater  than  50  kG.  we  can  see  slight  energy 
differences  between  theory  and  data  of  1—3  meV  for 
transitions  to  excited  states  identified  by  light-hole 
quantum  numbers  —  lafaG  — l))  to  la(a+(l  ) 
Since  the  difference  is  observable,  we  might  be  able 
to  determine  the  final  states  of  the  bound-hole  tran¬ 
sitions.  Figure  Id  shows  an  energy-level  diagram 
for  the  light-hole  acceptor  states  associated  with  the 
light-hole  Landau  levels  0Mi>+(0!)  and  lo(o*(l)) 
in  InSb  at  B  =  100  kG.  The  energies  of  the  excited 
states  were  calculated  in  a  manner  similar  to  that 
presented  by  Ltn-Chung  and  Henvis'1'48  and  the  en 
ergtes  of  the  light-hole  continuum  levels  were  calcu¬ 
lated  using  our  band  parameters  and  the  8x8  band 
model.  The  arrows  show  allowed  transitions  be¬ 
tween  the  s-ltke  acceptor  ground  states  and  p-like 
impurity  excited  states  associated  with  the  light-hole 
Landau  ladders  a  and  b.  Since  unpolarized  light 
was  used,  containing  both  a  and  n  components,  and 
the  sample  was  mounted  in  the  Voigt  configuration 
for  the  monochromator  measurements,  contribu¬ 
tions  from  the  AX  odd  and  AX  even  transitions 
would  be  expected.  This  appears  to  be  the  case; 
Table  II  lists  a  comparison  of  theoretically  calculat¬ 
ed  and  experimentally  observed  transition  energies 
for  high-field  data  In  this  calculation  the  value  of 
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FIG.  18.  Calculated  bound-hole  transition  energies  B  <  100)  and  B  0  to  140  kG  i solid  lines)  3nd  our  observed  bound 
hole  transitions  tdotsl.  The  open  triangles  represent  the  data  of  Gnsar  el  ai  iRef  9i  obtained  at  12  K.  The  numbers  on 
the  lines  identify  the  light-hole  Landau  levels  and  the  numbers  on  the  borders  refer  to  bound-hole  transition  assignmenis 
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A was  still  assumed  to  be  negligible.  From  the 
comparison  we  see  that  the  observed  transition  ener¬ 
gies  always  fall  in  the  energy  range  between  the 
transitions  to  the  two  excited  p  states,  indicating 
that  the  observed  spectra  is  probably  due  to  un¬ 
resolved  transitions  between  the  ground-state  accep¬ 
tor  level  and  the  two  excited  p  states 

V.  CONCLUSIONS 

High-resolution  magneto-optical  techniques  have 
now  been  extended  to  the  study  of  valence-band 
transitions  in  p- type  InSb,  yielding  new  information 
necessary  to  the  determination  of  band  model  pa¬ 
rameters  for  InSb.  New  free-hoie  combined- 
resonance  and  bound-hole  acceptor  transitions  are 
observed  for  B|  |  <  1 1 1 )  and  B 1 1  <  100 > .  clearly 
displaying  the  effects  of  the  valence-band  anisotro¬ 
py.  The  free-hole  data  has  been  analyzed  along  with 
extensive  conduction  band  and  two-photon  inter¬ 
band  data  using  a  modified  Pidgeon  and  Brown 
band  model,  resulting  in  a  set  of  band  parameters 
for  InSb  that  describes  a  wide  variety  of  experi¬ 
ments.  In  particular,  the  set  of  band  parameters  ob¬ 
tained  in  this  study  has  recently  been  used  by 
Goodwin  and  Seiler24  to  describe  an  extensive  set  of 
intra-conduction-band  data. 


— f  noon 

=t  mm 


FIG.  19  Diagram  of  allowed  transitions  between  the 
heavy-hole  lj-like'  acceptor  ground  state  and  the  light- 
hole  (p-like)  excited  impurity  —  ’-s  for  n  =06  and  la  at 
B  =  100  kG  The  notation  a.iu  s>_, action  rules  are  those  of 
Lin-Chung  and  Henvis  (Ref.  37).  The  energies  of  the  ex¬ 
cited  states  were  calculated  in  a  manner  similar  to  that 
given  by  the  theory  of  Lin-Chung  and  Henvis,  and  the  en¬ 
ergies  of  the  light-hole  continuum  levels  were  calculated 
using  the  8  \8  band  mode!  The  transitions  shown  corre¬ 
spond  to  bound-hole  transitions  4  and  5  (see  Fig.  161. 
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TAB1  E  II  Comparison  of  bound  hole  transition  energies  calculated  using  1  q  i2>  lassunung  Af.'4p  fll  =  <)|  and  F,, 
values  obtained  from  l  in-Chung  (Ref  48 1  with  experimentally  observed  transition  energies 
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The  high  resolution  of  the  bound-hole  spectra  has 
allowed  determination  of  the  Cd  acceptor  ground- 
state  binding  energy  in  InSb  as  well  as  provided  ex¬ 
perimental  evidence  suitable  for  studying  the 
behavior  of  excited  acceptor  states  in  the  presence  of 
a  magnetic  field.  High-field  data  has  been  com¬ 
pared  to  theoretical  calculations  for  the  excited 
states,  resulting  in  a  qualitative  agreement  between 
theory  and  experiment  In  addition,  recent  measure¬ 
ments"  on  Au-doped  p-type  InSb  using  the  same 
high-resolution  magneto-optical  techniques  have 
shown  directly  that  the  methods  developed  in  this 


study  can  be  used  to  detect  and  identify  impurities 
in  semiconductor  materials 
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III.  INTERACTION  OF  COo  LASER  RADIATION  WITH  n-InSb  -  DEEP  LEVEL 

AND  FREE  CARRIER  EFFECTS 

In  this  section  we  present  the  results  of  a  study  involving  optical  transi¬ 
tions  from  deep  levels  to  the  conduction  band  Landau  levels.  A  new  experimental 
technique  is  presented  for  the  detection  of  deep  levels  which  should  help  in 
semiconductor  character zation  using  laser  spectroscopy  methods.  Intraconduc¬ 
tion  band  transitions  were  also  seen  in  the  photoconducti  ve  spectra  and  exten¬ 
sive  investigations  carried  out.  In  what  follows  two  major  papers  are  repro¬ 
duced.  More  extensive  details  can  be  seen  in  Dr.  M.  W.  Goodwin's  Ph.D.  thesis. 
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We  present  a  novel  means  for  detecting  and  studying  deep  levels  in  high  purity  n-InSb  with 
extremely  sensitive  magneto-optical  techniques,  combining  sampling  oscilloscope  and  lock-in 
amplifier  methods.  Oscillatory  photoconductivity  behavior  in  InSb  has  been  investigated 
previously  under  a  vanety  of  conditions  and  in  both  n-  and  />-type  samples.  However,  to  our 
knowledge,  no  evidence  has  ever  been  presented  for  oscillatory  magnetophotoconductivity  IMPCi 
in  n-lnSb  |or  in  any  other  semiconductor)  caused  by  electron  transitions  from  deep  levels  to  the 
conduction  band  Landau  levels.  These  studies  allow  a  more  precise  determination  and  sensitive 
detection  of  deep  levels  through  a  more  direct  means  than  has  been  previously  possible.  We 
observe  a  resonant  structure  in  the  CO,  laser-induced  MPC  at  liquid  helium  temperatures  in  n- 
InSb  which  is  penodic  in  the  inverse  magnetic  field  and  whose  amplitude  increases  with  the 
magnetic  field.  This  behavior  is  typical  for  resonances  involving  Landau  levels.  The  effect  of 
lattice  temperature,  laser  intensity,  photon  energy,  and  light  polarization  on  the  MPC  is  studied. 

The  amplitude  of  this  resonant  structure  saturates  at  moderate  intensities  I  ~  30  W/cnrr)  and 
shows  no  polarization  dependence  (for  elB  and  ej|B).  These  and  other  results  indicate  the 
presence  of  a  deep  level  ~74  meV  below  the  conduction  band  edge  [Et  ~  235  meV|.  Using  a  CO 
laser,  a  resonant  structure  is  also  observed  from  another  deep  level,  ~170  meV  below  the  band 
edge.  These  deep  levels  could  be  caused  by  either  lattice  defects  or  residual  impurities.  Other 
structures  observed  with  the  CO,  laser  are  identified  with  LO  phonon-assisted  cyclotron 
resonance  harmonic  transitions  within  the  conduction  band,  and  two-photon  magnetoabsorption 
interband  transitions. 

PACS  numbers:  78.20.Ls,  72.40.  +  w,  78.50.Ge,  71.55.Fr 


I.  INTRODUCTION  AND  BACKGROUND 

The  properties  of  deep  levels  in  semiconductors  are  re¬ 
ceiving  a  great  deal  of  attention,  in  part  because  t  hey  are  now 
a  major  limiting  factor  affecting  device  performance  and  re¬ 
liability.  Unfortunately,  deep  levels  are  rather  poorly  under¬ 
stood.  These  deep  levels  are  associated  with  a  potential  that 
is  short  range  in  nature  and,  hence,  effective  mass  theory 
becomes  inadequate  in  describing  them  There  are  also  many 
difficulties  in  the  detection  and  identification  of  deep  levels. 
Consequently,  it  is  highly  desirable  to  develop  new  experi¬ 
mental  techniques  for  the  detection  and  study  of  deep  levels 
which  could  aid  in  their  characterization  and  theoretical  un¬ 
derstanding.  In  this  paper  we  present  a  novel  method  of 
studying  deep  levels  in  n-InSb  using  high  resolution  and  ex¬ 
tremely  sensitive  magneto-optical  techniques. 

Evidence  is  presented  for  two  deep  levels  in  high  purity 
n-InSb  (band  gap  ^  235  meV  at  4  K):  (II  using  a  CO,  laser  a 
level  ~74  meV  below  the  conduction  band  edge  has  been 
identified;  (2)  using  a  CO  laser  another  level  ~  1 70  meV  be¬ 
low  the  conduction  band  has  also  been  observed. 

Photoconductivity  oscillations  in  InSb  have  been  inves¬ 
tigated  previously  under  a  variety  of  conditions  and  samples. 
In  />-typc  InSb  at  a  zero  magnetic  field,  extrinsic  behavior 
has  been  observed  due  to  the  excitation  of  a  hole  from  the 
impurity  state  to  the  valence  band  with  the  emission  of  one 
or  more  LO  phonons.'-2  With  the  application  of  a  magnetic 
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field  to  p-InSb  it  has  been  possible  to  more  precisely  investi¬ 
gate  bound  hole  excitations,'"6  and,  in  addition,  to  observe 
and  study  free  hole  transitions.'-6  Intrinsic  photoconductiv¬ 
ity  oscillations  have  also  been  observed  in  p-InSb  due  to  va¬ 
lence-band  to  conduction-band  transitions.’  Forn-type  InSb 
most  photoconductive  work  in  a  magnetic  field  has  centered 
on  the  shallow  donor  levels  that  are  nearly  degenerate  with 
the  conduction  band  or  on  free  carrier  properties.  Intrinsic 
photoconductivity  has  also  been  observed  in  n-InSb  due  to 
band  to  band  transitions.8,1'  However,  to  our  knowledge,  no 
one  has  previously  presented  evidence  for  oscillatory  photo¬ 
conductivity  in  tt-InSb  caused  by  electron  transitions  from 
deep  levels  to  the  conduction  band.  These  magneto-optical 
studies  thus  allow  a  more  precise  determination  and  detec¬ 
tion  of  deep  levels  through  a  more  direct  means  than  has 
previously  been  possible. 

The  effects  of  deep  levels  usually  show  up  most  predo¬ 
minantly  in  samples  with  low  earner  concentrations.  It  is 
just  this  experimental  condition  that  makes  photoconductiv¬ 
ity  measurements  extremely  powerful  in  the  detection  of 
weak  magneto-optical  transitions.  Because  of  the  onginally 
low  number  of  thermal  equilibrium  electrons  in  the  conduc¬ 
tion  band,  it  is  rather  easy  to  detect  a  small  percentage  of 
photoexcited  carriers.  In  addition,  at  low  temperatures  elec¬ 
trons  excited  high  into  the  conduction  band  give  rise  to  an 
enhanced  mobility  Free  carrier  absorption,  which  can  mask 
transitions  from  the  deep  levels,  is  also  minimized  by  the  low 
concentrations.  Figure  1  shows  the  magneto-optical  transi¬ 
tions  originating  from  deep  levels  within  the  forbidden  gap 


7505 


J  Appl  Phys  53(1 1).  November  1982 


002’ -8979/82/1 1 7505- 1 1  $02  40 


,e  1982  American  Institute  ot  Physics 


7505 


M  -  3 


i  l 


j  o  f  0  PIE} 

I 


f2 


_ t _ 

'  '  |  \  ~~  ~  - 

/  n  HH 

\ 


FIG.  1  Schematic  representation  of  the  ongin  of  the  resonant  magneto¬ 
optical  transitions  from  two  deep  levels  in  InSb  At  zero  magnetic  field  the 
dashed  lines  show  the  E  vs  k  behavior  of  the  light  and  heavy  holes  and  the 
conduction  band,  as  well  as  the  variation  of  the  density  of  states p\E  \  Upon 
application  of  a  magnetic  field,  the  density  of  states  exhibits  the  well-known 
singularities  due  to  the  Landau  levels 

m  •  i 

region.  At  B  =  0  direct  transitions  from  these  deep  levels  at 
the  CO,  ( ~  1 1 5- 1 3  5  me  V)  and  CO  <2 1 5-225  meVj  laser  ener¬ 
gies  can  not  take  place.  Nonresonant  transitions  from  these 
levels  with  the  assistance  of  phonons  or  impurities,  free  car¬ 
rier  absorption,  or  even  two-photon  absorption  effects  may 
be  present  in  some  combination.  However,  the  application  of 
a  magnetic  field  creates  the  well  known  Landau-level  struc¬ 
ture  and  opens  up  the  possibility  of  direct  transitions  from 
the  deep  to  Landau  levels.  The  resonant  photoconductivity 
structure  would  be  expected  to  follow  the  final  electron  den¬ 
sity  of  states  which  has  singularities  at  the  energies  corre¬ 
sponding  to  the  bottom  of  each  Landau  level.  Energy  level 
broadening  removes  these  singularities  but  still  leaves  peaks 
in  the  density  of  states.  Consequently,  for  a  fixed  photon 
energy,  the  number  of  carriers  and/or  the  mobility  and 
hence  conductivity  resonantly  increases  as  the  magnetic 
field  is  increased. 

II.  EXPERIMENTAL  WORK 

The  samples  used  were  cut  from  bulk  grown  n-type 
InSb  having  a  concentration  of  9x  10”  cm"’  and  a  Hall 
mobility  of  400  000  cm VV  s  at  77  K.  The  front  surface  was 
optically  polished  with  0,3  /im  A120,  polishing  grit.  The  rear 
surface  was  left  rough  to  eliminate  multiple  reflections  and 
etalon  effects.  The  sample  dimensions  were  5.5 X  1.5x0. 2 
mm  thick.  Two  current  contacts  and  two  potential  contacts 
were  made  using  pure  indium.  The  sample  was  illuminated 
with  a  20-/rs  wide  pulse  produced  by  mechanically  chopping 
a  beam  from  either  a  cw  C02  or  a  CO  laser  at  a  repetition  rate 
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of  1700  Hz.  The  3%  duty  cycle  prevents  lattice  heating  by 
the  laser.  The  grating-tuned  CO,  laser  is  a  flowing  gas.  elec¬ 
tric  discharge  cw  laser  capable  of  single  line  outputs  of  sever¬ 
al  watts  on  many  lines  between  9.20  to  10.8  /im 

The  cw  CO  laser  is  a  sealed  off,  electric  discharge  laser 
capable  of  up  to  2  W  on  a  number  of  lines  between  5. 1 5  and 
5.8  fjm.  The  beam  is  focused  onto  the  sample  so  that  the 
region  between  the  potential  probes  is  as  uniformly  illumi¬ 
nated  as  possible.  A  He-Ne  laser  is  used  with  a  silicon  PIN 
photodiode  to  produce  a  trigger  pulse  for  the  sampling  oscil¬ 
loscope.  Calibrated  filters  are  used  along  with  an  absorption 
cell  filled  with  propylene  of  variable  pressure  to  attenuate 
the  laser  power.  Simultaneous  use  of  both  sampling  oscillo¬ 
scope  and  lock-in  amplifier  techniques  provided  an  en¬ 
hanced  signal-to-noise  ratio  in  observing  the  weak  magneto¬ 
optical  structure.  A  constant  dc  current  is  applied  to  the 
sample  while  an  ac  magnetic  field  of  150  G  modulates  the 
sample  conductivity  at  43  Hz.  The  signal  at  the  sample  po¬ 
tential  contacts,  produced  by  the  laser  pulse  and  the  field 
modulation  is  fed  through  a  high  impedance  differential  am¬ 
plifier  into  a  sampling  oscilloscope.  The  output  of  the  sam¬ 
pling  oscilloscope  is  then  fed  into  a  lock-in  amplifier  tuned  to 
86  Hz  which  results  in  a  lock-in  detector  response  propor¬ 
tional  to  the  second  derivative  of  the  photoconductive  signal 

III.  RESULTS 

A  portion  of  our  studies  with  the  CO,  laser  is  shown  in 
Fig.  2  for  various  wavelengths.  The  detector  response  is  pro¬ 
portional  to  the  second  derivative  of  the  photoinduced 
change  in  magnetoresistance.  The  numbers  correspond  to 
distinct  resonances  for  each  wavelength  Doublets,  labeled 
with  plus  and  minus  symbols,  are  resolved  at  the  higher  mag¬ 
netic  fields.  The  minima  positions  correspond  to  minima  in 
the  resistance  or  maxima  in  the  conductivity  and  are  seen  to 
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FIG  2  Wavelength  dependence  of  ihe  DLCRH  larising  from  level  E, 
shown  in  Table  ll  siructure  for  e||B  The  numbers  correspond  to  the  final 
stale  conduction  hand  Landau  level  and  +  and  -  are  the  spin-up  and 
spin-dow>n  states,  respectively  The  applied  electric  field  is  ~  I  V/cm. 

D  G.  Seiler  and  M  W  Goodwin  7506 


-  -  4», 


»W-*  V  f'- 


XI  L 

shift  to  higher  magnetic  fields  as  the  photon  energy  in¬ 
creases  The  envelope  of  the  resonant  structure  depends 
upon  the  ac  magnetic  field  modulation  technique;  the  actual 
amplitudes  of  the  resonant  structure  increase  with  magnetic 
field.  The  magnetic  field  positions  of  the  structure  are  peri¬ 
odic  in  inverse  magnetic  field.  These  facts  suggest  some  type 
of  resonance  behavior  involving  Landau  levels.  A  two-pho¬ 
ton  magnetoabsorption  (TPMAi  structure'1’  "  is  absent  in 
the  spectra  because  the  data  was  taken  with  low  laser  powers 
|~30  mW)  where  TMPA  effects  are  weak,  and  for  e||B 
where  TPMA  is  approximately  a  factor  of  4  weaker  than  for 
eiB.  Phonon-assisted  cyclotron  resonance  harmonic  transi¬ 
tions"'"'  (PACRH)  within  the  conduction  band  are  also  ab¬ 
sent  because  of  the  e||B  polarization  configuration  where 
they  are  not  allowed.  This  resonant  structure  shown  in  Fig.  2 
has  not  been  extensively  studied  since  it  is  a  weak  magneto¬ 
optical  effect,  observable  with  oniy  the  best  high-resolution 
signal  processing  techniques  It  is  our  purpose  to  show  that 
the  structure  shown  in  Fig.  2  arises  from  deep  level  cyclotron 
resonance  harmonic  (DLCRHi  transitions  originating  from 
a  deep  level  within  the  band  gap  of  InSb. 

There  is  a  distinct  contrast  between  the  TPMA  struc¬ 
ture  and  the  DLCRH  structure,  as  shown  in  Fig.  3  for  e||B 
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FIG  3  Pholocnductive  spectra  Tor  different  relative  peak  incident  CO. 
laser  powers  P ,  Note  the  gain  setting  on  the  left  For  P*  l.  the  peak 
incident  power  s  1  4  W  with  a  beam  of  1  5  mm  l  />*  intensity  diameter 
The  dashed  vertical  lines  are  drawn  at  the  magnetic  field  posit  ions  of  a 
TPMA  Ihigh  powers)  and  a  DLCRH  tlower  powers!  resonance  as  discussed 
m  the  text  and  illustrate  the  fact  that  the  magnetic  field  positions  are  inde 
pendent  of  laser  power 
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polarization.  Here,  reproductions  of  the  lock-in  detector 
output  versus  inverse  magnetic  field  are  given  for  various 
relative  peak  incident  laser  powers  at  9.56  fim.  The  laser 
power  was  attenuated  with  calibrated  filters  and  an  absorp¬ 
tion  cell  filled  with  propylene  of  variable  pressures.  The  top 
trace  has  a  peak  incident  power  of  ~  1.4  W,  while  the  lower 
traces  were  taken  with  successively  smaller  values  of  Pk  .  The 
botiom  trace  was  recorded  with  the  laser  beam  physically 
blocked.  As  Pk  is  increased  a  series  of  weak  resonant  resis¬ 
tivity  minima  develop  which  is  the  same  structure  as  that 
presented  in  Fig.  2.  The  photoconductive  amplitude  of  this 
senes  saturates  with  increasing  laser  power.  With  continued 
increasing  laser  power  another  series  of  very'  sharply  defined 
resonant  resistivity  minima  develops,  which  has  been  shown 
to  arise  from  TPMA,'"  and  at  the  higher  laser  powers  this 
structure  clearly  dominates  the  photoconductive  spectra 
Both  sets  of  resonant  structures  are  periodic  in  inverse  mag¬ 
netic  field.  The  envelope  of  the  resonant  structure  depends 
upon  the  ac  field  modulation  technique,  as  mentioned  pre¬ 
viously. 

A  DLCRH  structure  exists  for  the  entire  spectral  range 
of  the  CO,  laser,  while  a  TPMA  structure  has  a  definite 
threshold  at  about  10.33  /im.  Therefore,  most  of  the  experi¬ 
ments  on  DLCRH  were  done  using  wavelengths  above  10.33 
/am  to  avoid  confusing  the  spectra  with  the  TPMA  structure 

The  power  dependence  of  a  particular  transition  in  the 
DLCRH  structure  is  shown  in  Fig  4  for  the  wavelength 
a  10. 53/itn.  The  amplitude  A  was  normalized  to  the  high¬ 
est  power  amplitude  A„.  As  shown,  the  amplitude  of  the 
structure  increases  approximately  linearly  to  a  peak  incident 
power  of  about  0  15  W\  With  greater  pow  ers  the  amplitude 
saturates  i.-'-0 .20  Wl  and  decreases  in  size  The  same  type  of 
behavior  is  also  characteristic  of  the  other  transitions  in  the 
DLCRH  spectra.  The  TPMA  spectra  exhibits  a  different 
power  dependence  in  that  the  amplitude  has  a  parabolic  de¬ 
pendence  at  low  powers  and  does  not  show  a  saturation  and 
decrease  in  size  w  ith  increasing  powers  available  from  the  cw 
laser  The  amplitude  of  the  DLCRH  structure  also  rises  far- 


FKi  4  Relatne  power  dependent*  of  the  amplitude  of  a  DLCRH  transi- 
lions  it  B  -  0  5  1  and  fot  cj|B  and  A  -  10  53  jam  The  amplitude  is  norma¬ 
lized  to  the  highest  power  amplitude  Note  the  initial  linear  behavior 
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ter  with  power  than  the  TPMA  structure  until  saturation 
occurs  The  rise  and  saturation  of  the  amplitude  with  power 
can  be  easily  described  by  a  simple  rate  equation  analysis  of  a 
two-level  system.  However,  the  two-level  analysis  can  not 
predict  which  model  of  the  two  presented  here  is  correct. 
The  rise  of  the  amplitude  would  be  due  to  the  generation  of 
photoexcited  carriers  by  the  absorption  of  the  incident  light. 
In  a  quasi-steady-state  condition  the  saturation  would  be 
due  to  the  fact  that  the  generation  rate  of  carriers  into  the 
final  state  would  be  equal  to  the  recombination  or  scattering 
rate  out. 

This  DLCRH  structure  was  apparently  first  observed 
in  n-InSb  by  Morita  et  al. |g  for  only  one  photon  energy  (117 
meV|  of  the  C02  laser.  They  observed  resonances  in  the  mag¬ 
netophotoconductivity  for  samples  (ncs:  10'4  cm  '  ')  at  liquid 
helium  temperaures.  They  attributed  this  structure  to  a  pho- 
toinduced  sum  of  the  normal,  spin-flip,  and  two-phonon 
magnetophonon  effect.  The  magnetophonon  effect  in  n-InSb 
is  usually  only  observable  at  temperatures  near  or  above  that 
of  liquid  nitrogen.  Under  hot  electron  conditions  it  can  be 
seen  at  liquid  helium  lattice  temperatures.  The  presence  of 
these  resonances  at  4.2  K  was  then  attributed  to  photoin- 
duced  hot  electron  magnetophonon  effects.  The  exact 
mechanism  which  caused  the  spin-flip  and  two-phonon  re¬ 
sonances  was  not  clear.  The  magnetophonon  model  of  Mor¬ 
ita  et  al.  cannot  predict  the  observed  shift  of  *he  structure 
with  incident  photon  energy,  because  the  magnetic  field  po¬ 
sitions  of  the  magnetophonon  resonances  essentially  depend 
only  upon  the  energy  of  the  LO  phonons,  which  is  indepen¬ 
dent  of  the  photon  energy  We  thus  have  to  look  for  other 
explanations  of  this  resonant  behavior  The  only  possibilities 
are  that  these  effects  arise  from  some  kind  of  intraconduc¬ 
tion  band  processes  (model  I)  or  from  transitions  originating 
from  deep  levels  within  the  forbidden  gap  [model  II).  Specifi¬ 
cally,  we  now  look  at  Model  I,  which  we  have  previously 
used  to  explain  these  effects  20  21 

Model  I:  Three-phonon  assisted  cyclotron  and 
combined  resonance  harmonic  transitions 

Figure  5  shows  how  the  resonance  positions  shift  in 
magnetic  field  as  the  photon  energy  of  the  laser  is  varied.  As 

Fig.  IU. 5 
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FIG  5  Fan  chart  of  the  DLCRH  data  with  theoretical  calculations  of  mod¬ 
el  I  discussed  in  the  text  The  intercept  was  adjusted  to  70  meV  The 
numbers  are  the  final  state  Landau  level  and  +  and  are  the  spin-up  and 
spin-down  states,  respectively 
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seen  in  this  “fan  chart,”  and  in  the  raw  data  shown  in  Fig  2, 
the  structure  shifts  toward  higher  magnetic  fields  as  the  pho¬ 
ton  energy  increases.  The  lines  represent  theoretical  calcula¬ 
tions  from  a  model  in  which  the  electrons  in  the  lowest  spin- 
up  n  =  0  Landau  level  are  excited  by  photon  absorption  to 
some  other  higher  energy  Landau  level,  either  the  spin-up 
(cyclotron  harmonic)  or  spin-down  (combined  harmonicl 
state  This  could  be  a  probable  absorption  mechanism,  be¬ 
cause  at  these  low  electric  fields  most  of  the  electrons  reside 
in  the  lowest  Landau  level.22  The  energies  of  the  conduction 
band  Landau  levels  were  calculated  with  a  modified  Pid- 
geon-Brown  8x8  band  model  using  the  following  set  of 
band  parameters:  Es  =  0.2352  eV;  Ep  =  23.2  eV;  A  =0  803 
eV;  y,  =  3.24,  y,=  0.20,  y,  =  0.90;  *-  =  —  1 .3; 
F  =  —  0.20;  q  =  0;  A,  =  —  0.55.  This  same  set  describes  a 
wide  variety  of  other  magneto-optical  experiments:  intrava¬ 
lence  band,  intraconduction  band,  and  two-photon  inter¬ 
band. 

With  the  period  and  magnetic  field  positions  of  the  res¬ 
onant  structure  shown  in  Fig  5,  a  fit  of  the  transition  ener¬ 
gies  to  the  data  was  not  possible  with  a  model  in  which  the 
electron  is  simply  photoexcited  from  the  lowest  energy  state 
to  some  other  state  at  a  photon  energy  fuo  higher.  However,  a 
fairly  good  fit  was  found  when  the  energy  intercept  at  B  -  0 
was  adjusted  to  be  70  instead  of  0  meV,  and  when  the  transi¬ 
tion  energies  were  calculated  with  known  band  parameters 
for  InSb  Since  PACRH  in  InSb  is  well  known  for  one  LO 
phonon-assisted  transition,  the  energy  intercept  (70  meVi 
could  be  interpreted  as  the  amount  of  energy  lost  to  a  multi¬ 
ple  emission  of  LO  phonons  by  the  photoexcited  electrons 
The  dominant  electron-phonon  interaction  is  polar  optical 
scattering.  From  energy  conservation  this  can  be  written  as 

fuo  =  E' .  In)  -  E (0)  +  il) 

where  E\  (n)  is  the  energy  of  either  the  spin-up  I  +  lor  spin- 
down  (  —  )  state  of  the  n,h  Landau  level  of  the  conduction 
band  and  m  the  number  of  LO  phonons  emitted  in  the  transi¬ 
tion.  The  energy  of  the  LO  phonon  is  known  to  be  approxi¬ 
mately  24.4  meV,  thus  making  the  number  m  of  emitted  LO 
phonons  from  the  equation  mfton  =  70  meV  to  be  nearest 
three  The  calculated  LO  phonon  energy  would  therefore  be 
23.3  meV,  which  is  outside  the  uncertainty  of  24.4  ±  0.3 
meV  of  Johnson  and  Dickey 14  and  the  24.4  ±0.2  meV  deter¬ 
mination  from  our  PACRH  studies.1" 

Multiple  phonon  interactions  have  been  observed  in 
“pinning”  or  level  crossing  effects  in  InSb.11  Several  combi¬ 
nations  of  two-phonon,  optical,  and  acoustic  interactions 
were  used  to  model  a  variety  of  pinning  processes.1'  A  very 
weak  two-LO  phonon-assisted  cyclotron  resonance  har¬ 
monic  transition  was  also  reported  by  Morita  et  al.'*'  How¬ 
ever,  only  one  small  peak  in  the  photoresponse  of  a  sample  of 
InSb  was  observed  at  one  photon  energy  (117  meV)  by  Mor¬ 
ita  et  al. 

The  three-phonon  assisted  cyclotron  and  combined 
harmonic  transitions  proposed  by  model  1  can  be  described 
by  a  transition  rate  which  is  proportional  to  the  square  of 
fourth-order  perturbation  theory  matrix  elements.20  Such  a 
matrix  element  can  be  written  as 
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where  the  sum  is  over  all  intermediate  states  a/J.y.  and 
E  ~  (  +-  fuo.  The  energy  of  the  electron  in  state  or  isf  , ,  etc. 
There  are  three  other  terms  similar  to  Eq.  (2!  in  w  hich  one  or 
more  phonons  are  emitted  before  the  photon  is  absorbed 
This  type  of  process  is  expected  to  be  extremely  weak,  cer¬ 
tainly  in  comparison  to  one-phonon  assisted  cyclotron  reso¬ 
nance  harmonic  transitions  iPACRHi 

Athough  there  is  good  overall  agreement  between  the¬ 
ory  and  data,  closer  examination  of  F  ig  5  show  s  that  for  low 
and  high  magnetic  fields  the  theory  does  not  agree  complete¬ 
ly  with  the  data.  An  improvement  tothe  model  may  be  made 
by  including  an  energy  shift  in  the  resonance  positions  due  to 
polaron  and  broadening  effects.1'’  Thus.  Eq  ill  could  be 
modified  by  the  following  equation 

fko  =  E  ‘ .  \n\  —  E  ,  i0|  »-  34 J.  1 31 

w  here  J  takes  into  account  possible  shifts  in  resonance  posi¬ 
tions  due  to  polaron  and  broadening  effects.  No  attempt  was 
made  to  include  the  term  J  in  the  calculations  shown  in  Eig 
s 

There  are  some  important  aspects  which  do  suggest 
that  model  I  la  three-phonon  assisted  cyclotron  and  com¬ 
bined  resonance  harmonic  effect  I  may  not  be  adequate  m 
describing  the  observed  resonant  structure.  The  transition 
matrix  element  of  Eq  '2l  predicts  an  extremely  weak  reso¬ 
nance  effect,  much  smaller  than  PACRH  and  smaller  than  a 
two-phonon  assisted  cyclotron  resonance  effect  Further¬ 
more,  Eq.  |2|  would  predict  resonances  at  energies  in  which 
the  denominator  goes  to  zero  or  with  broadening  considered, 
becomes  very  small  No  evidence  for  these  resonances  in  the 
matrix  elements  can  be  seen  in  the  data.  The  resonance  struc¬ 
ture  does,  instead,  seem  to  be  described  by  the  final  density  of 
states  in  the  conduction  band  At  no  time  in  the  course  of  this 
study  were  two-phonon  assisted  transitions  ever  observed 
At  present,  there  is  no  physical  reason  why  one-phonon 
iPACRHi  and  three-phonon  assisted  transitions  should  oc¬ 
cur  while  two-phonon  assisted  processes  should  not.  Monta 
ei  at.:'  much  later  reinterpreted  the  DLCRH  structure 
which  they  originally  called  a  photoinduced  magneto¬ 
phonon  structure  with  a  three-LO-phonon  assisted  cyclo¬ 
tron  and  combined  resonance  harmonic  effect  similar  to 
model  I  of  this  section  However,  they  could  only  fit  their 
data  with  a  model  in  which  electrons  initially  in  the  higher 
energy  spin-down  Is  —  —  1/2). stateofthen  =  0  Landau  lev¬ 
el  were  photoexcited  with  the  simultaneous  emission  of  three 
LO  phonons  to  a  final  state  Landau  level  n  of  either  the  sptn- 
up  or  spin-down  state.  They  could  not  explain  why  the  tran¬ 
sitions  should  originate  from  then  =  0,s  =  —  1/2  spin  state 
instead  of  the  lower  energy  n  =  0,  s=  -»-  1/2  spin  or  ground 
state  where  a  majority  of  the  electrons  exist. 

As  will  be  shown  in  the  next  section,  further  experi¬ 
ments  give  results  in  which  a  new  model  must  be  used  for  the 
proper  understanding  of  this  resonance  data.  This  new  mod¬ 
el,  model  II,  appears  to  be  much  more  consistent  with  all 
results  presented  here  a^d  results  of  previous  PACRH  ex¬ 
periments. 


~ 1 

Model  II:  Transitions  from  a  deep  level 

Model  I  suggests  that  properties  of  the  DLCRH  struc¬ 
ture  should  be  similar  to  those  of  PACRH,  because  1 1 1  the 
electrons  which  arc  excited  are  initially  in  the  same  state 
in  -  0  spin-up  starel  and  |2)  both  mechanisms  involve  the 
interaction  w  ith  phonons  Therefore,  a  series  of  experiments 
was  designed  and  carried  out  to  check  the  similarity,  if  any. 
between  the  two  processes.  Morita  and  Mikoshiba"4  report 
ed  that  they  observed  a  drastic  change  in  the  photoresponse 
of  a  sample  of  /i-InSb  from  the  DLCRH  structure  to  the 
PACRH  structure  after  the  sample  had  been  exposed  to  the 
atmosphere  for  40  days.  They  attributed  the  change  in  the 
photoresponse  to  a  formation  of  an  accumulation  lay  er  on 
the  surface,  but  did  not  explain  the  actual  mechanism  They 
also  reported  that  they  observed  a  change  when  a  strong 
electric  field  was  applied  to  the  sample,  but  again  no  specific- 
details  were  given  We  have  not  observed  any  of  the  changes 
reported  by  Morita  ei  al. 

In  Fig  6  the  change  of  the  resonant  structure  from 
PACRH  to  DLCRH  with  increasing  current  /  or  electric 
field  is  shown  for  elB  polarization  at  a  wavelength  of  10  c5 
gm.  At  ohmic  or  near  ohmic  electric  fields  of  100  mV,  cm 
(/  =  1  tnA  in  top  tracei.  the  observed  resonant  structure 
arises  from  PACRH.  For  much  higher  currents  and  nonoh- 
mic  electric  fields  DLCRH  is  dominant  and  the  PACRH 
structure  has  disappeared.  The  DLCRH  structure  is  clearly 
present  for  lower  magnetic  fields.  Traces  w  ith  /  -  10  and  20 
mA  (~  1.5  V/cml  show  essentially  the  same  DLCRH  struc¬ 
ture  Thus  the  DLCRH  structure  shows  essentially  no  cur¬ 
rent  dependence  This  is  in  sharp  contrast  to  PACRH  which 
is  present  at  low  currents  but  not  at  high  currents  where  the 
electric  field  is  nonohmic.  Thus,  a  major  difference  exists 
between  the  PACRH  and  DLCRH  structure  with  respect  to 
the  magnitude  of  an  applied  electric  field. 

One  consequence  of  high  or  nonohmic  electric  fields  is 
the  heating  of  the  electrons  in  the  conduction  band  The 
electrons  initially  in  the  ground  state  at  low  fields  are  redis¬ 
tributed  to  higher  energy  states  because  of  changes  in  the 
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FIG  6  Current  dependence  of  PACRH  and  DLCRH  showing  the  transi¬ 
tion  of  the  PACRH  structure  at  low  currents  to  DlCRH  structure  at  higher 
currents  l  or  /  I  and  10  mA  the  electric  field  in  the  sample  is  100  and  1 
V/cm.  respectively 
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NO  ’  1  altice  temperature  dependenc  e  of  the  PACRH  structure.  The  ap¬ 
plied  elfctnc  firld  is  -200  mV  cm 

Fig.  HI  . ~1 

Boltzmann  distnbution  with  applied  field.  This  would  ex¬ 
plain  the  decrease  in  amplitude  of  the  PACRH  structure 
with  higher  currents  or  higher  electric  fields.  As  the  electric 
field  is  increased,  the  earner  distnbution  is  broadened  in 
energy,  because  of  the  higher  temperatures,  and  thus  causes 
a  redistnbution  of  electrons  in  the  ground  stale.  This  also 
depletes  or  broadens  the  initial  occupied  states  for  PACRH, 
thus  causing  an  apparent  decrease  in  the  amplitude  of  the 
PACRH  structure.  With  higher  currents  causing  even  high¬ 
er  electron  temperatures,  the  PACRH  structure  would  dis¬ 
appear  below  observable  levels,  as  shown  in  Fig.  6. 

The  decrease  in  amplitude  of  the  PACRH  structure  can 
be  seen  more  directly  from  a  lattice  temperature  study  Fig¬ 
ure  7  illustrates  the  dramatic  temperature  dependence  of  the 
PACRH  amplitudes  Traces  were  taken  with  four  different 
lattice  temperatures  between  7  and  20  K  The  PACRH  am¬ 
plitudes  are  large  at  7  K ,  but  become  progressively  smaller  as 
the  temperature  is  raised  At  20  K  the  PACRH  structure  is 
so  weak  that  it  can  hardly  be  seen.  Thus,  even  over  a  short 
temperature  range,  the  distnbution  of  carriers  can  be 
changed  enough  to  cause  PACRH  to  become  hardly  obser¬ 
vable  This  is  in  agreement  with  the  current  dependence  of 
PACRH  shown  in  Fig.  t>.  However,  the  current  or  eiectnc 
field  dependence  of  the  DLCRH  structure  shown  in  Fig  6 
does  not  appear  to  agree  with  the  interpretation  of  a  three- 
phonon  assisted  cyclotron  resonance  harmonic  effect  in 
model  I  because  at  high  electron  temperatures  it  is  still  pre¬ 
sent  This  would  suggest  that  the  initial  state  electrons  of 
DLCRH  occupy  a  different  state  from  that  of  PACRH. 

There  is  also  a  marked  contrast  between  the  polari/aion 
dependence  of  the  PACRH  and  DLCRH  structures  The 
polarization  dependence  of  PACRH  is  shown  in  Fig  K  for 
elB  and  e1  B  The  bottom  trace  with  elB  shows  the  usual 
PACRH  structure  However,  in  addition  there  appears  to  be 
another  resonant  structure  present  Forei  B,  top  trace,  there 
are  definite  differences  in  the  observed  spectra  The  PACRH 
structure  is  absent  for  e  B,  but  a  new  and  different  structure 
which  we  have  identified  as  DLCRH  is  now  clearly  observa- 
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FIG  ft  Polarization  dependence  of  PACRH  The  bottom  trace  fur  e.B 
shows  the  usual  PACRH  structure  I  he  top  truce  shows  an  absence  -it 
PACRH  hut  shows  the  DI  CRH  ructure  quite  clearly  The  applied  elec 
tnc  field  is  201)  mV /cm  Note  the  strong  admixture  ■  •*  PACRH  t-ife.H 

Fig.  m .  8 

ble.  This  DLCRH  structure  is  also  present  for  elB  and  adds 
to  the  normal  PACRH  structure,  producing  the  observed 
bottom  spectra.  The  purpose  of  this  figure  is  to  show  that 
PACRH  is  present  for  elB,  but  not  for  el|B,  in  agreement 
with  the  photon  matrix  element  selection  rules  for  cyclotron 
resonance  transitions. 

The  polarization  dependence  of  DLCRH  is  shown  in 
Fig  9  for  elB  and  ejlB  and  for  high  currents  inonohmic 
electric  fields  -vl  V/cml.  As  can  be  seen,  in  contrast  to 
PACRH,  DLCRH  is  present  for  both  polarizations,  and 
does  not  show  any  significant  difference  between  them  The 
small  differences  in  amplitude  of  the  structure  is  due  to  slight 
differences  in  incident  power  between  the  two  traces  Thus. 
DLCRH  does  not  appear  to  obey  any  specific  selection  rules 
for  the  optical  matrix  element  part  of  the  transition.  Mans 
transitions  to  all  levels  of  the  conduction  band  seem  to  be 
possible  The  polarization  dependence  lor  independence!  of 
the  DLCRH  structure  is  surprising,  if  DLCRH  is  an  intra¬ 
conduction  band  process.  Every  known  intraconduction 
band  process  exhibits  some  form  of  polarization  depen¬ 
dence,  certainly  between  elB  and  e|!B  where  the  optically 
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H(i  Polarization  dependence  of  the  DLCRH  structure  The  applied 
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KIG  10  Wavelength  dependence  of  t he  C'O  laser  induced  deep  l«*v ri  transi¬ 
tions  The  arrows  show  the  shift  of  the  struc  ture  to  higher  magnetic  fields 
with  higher  photon  energies 
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allowed  selection  rules  are  completely  different  I  herefore, 
one  might  conclude  that  this  is  not  at  mtraconducnon  band 
process  where  both  the  initial  and  1in.il  states  are  conduction 
band  states  n  e  model  li 

In  general,  the  results  of  the  experiments  discussed  for 
DLCRH  do  not  agree  with  the  results  of  PACRH.  The  elec¬ 
tric  field,  polarization,  and  temperature  dependence  all 


show  signifnicant  differences,  which  point  to  the  fact  that 
the  initial  states  for  the  two  processes  must  he  different. 
These  conclusions  therefore  suggest  that  model  I  (in  which 
the  initial  states  for  both  processes  are  the  samel  does  not 
adequately  describe  the  experimental  results  Although 
there  is  fairly  good  agreement  between  the  theory  and  data  in 
Fig.  5  with  model  I,  the  good  fit  must  only  be  coincidental 

The  independence  of  the  DLCRH  structure  on  the  po¬ 
larization  of  the  laser  with  respect  to  the  magnetic  field  indi¬ 
cates  that  the  initial  state  is  not  a  state  in  the  conduction 
band.  If  it  were,  the  transitions  would  show  some  polariza¬ 
tion  dependence  because  of  optically  allowed  selection  rules 
Because  of  known  impurity  or  defect  levels  in  InSb,  it  is 
reasonable  to  assume  that  the  initial  state  might  be  some 
deep  level  within  the  band  gap  Photoconductivity  and  pho- 
toelectromagnetic  measurements  have  indicated  a  midgap 
donor-like  flaw  intrinsic  to  the  InSb  lattice.  '  :  Several  deep 
impurities,  such  as  gold  and  silver  have  also  been  found 
within  the  band  gap  of  InSb.  k  Thus,  an  electron  in  some 
deep  impurity  or  defect  level  in  the  band  gap  would  be  pho- 
toexcited  out  of  that  level  into  some  conduction  band  Lan¬ 
dau  level  or  shallow  impurity  state  attached  to  the  conduc¬ 
tion  band  Landau  levels.  This  would  increase  the 
conductivity  of  the  sample  just  like  a  mobility  increase 
would  lie.,  model  1 1.  because  the  total  number  of  conduction 
band  electrons  is  increased  Also,  since  electrons  are  deposit¬ 
ed  at  high  energies  in  the  conduction  band,  the  electron  mo¬ 
bility  may  also  increase 

Spectroscopic  measurements  of  a  sample  from  the  same 
lot  of  n-InSb  used  in  this  investigation  have  also  revealed  an 
additional  deep  level  in  the  band  gap  of  InSb  With  a  contin¬ 
uous  wave  CO  laser  i photon  energies  of  betwen  2 1 5  and  240 
meVl  we  have  also  observed  transitions  from  another  deep 
level  into  the  conduction  band.  Figure  10  shows  the  CO  la¬ 
ser-induced  photoconductivity  results  of  those  experiments 
obtained  with  the  sampling  and  lock-in  technique  1  hose 
traces  were  taken  with  small  powers  i  sr  500  mW  and  show  a 
smaller  ;.ignal-U  noise  ratio  than  the  DLCRH  structure  tak¬ 
en  with  the  CO,  laser.  The  four  wavelengths  in  Fig  10  arc 
such  that  their  photon  energy  is  below  ihe  band  gap  of  InSb 


740 

730 

770 

t 

£210 

* 

|  200 
S  190 


(f 


Jr*/  .* *  *V  e 

*ffi  /  /  /  ■  .-*/-• 


3 


nr.. 


FIG  11  Fan  chart  oi the  CO  laser  induced 
deep  level  transitions  with  theoretical  calcu¬ 
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Ihus,  interband  transitions  from  the  valence  band  to  the 
conduction  band  are  not  possible.  T races  with  higher  photon 
energies  (greater  than  the  band  gapi  do  show  the  usual  one- 
photon  interband  transitions  '''  As  indicated  by  the  arrows, 
the  structure  shifts  towards  higher  magnetic  fields  with 
higher  photon  energies  in  agreement  with  Landau  level  re¬ 
lated  resonances.  Again,  the  minima  of  the  structure  corre¬ 
spond  to  conductivity  maxima  Although  the  signal-to-noise 
is  less,  there  are  clearly  indicated  some  important  similari¬ 
ties  to  the  CO,  laser  induced  DLCRH  structure  (Fig  2 1. 
That  is,  the  doublet  structure  to  the  minima  are  present  at 
the  higher  magnetic  field  and  become  much  more  pron¬ 
ounced  with  field.  This  is  clearly  shown  for  A  -  5.77  fim 
I  bottom  tracel  and  qualitatively  agrees  with  the  behavior  of 
the  structure  seen  in  Fig  2  The  amplitude  of  the  structure  in 
Fig  10  is  of  the  same  relative  size  for  both  polarizations  eJ|B 
and  elB  in  agreement  with  the  polarization  independent  re¬ 
sults  shown  in  Fig  4 

The  minimum  positions  of  this  CO  laser-induced  struc¬ 
ture  are  plotted  in  Fig.  1 1  for  each  CO  laser  photon  energy 
used  The  theoretical  lines  were  calculated  with  a  model  in 
which  an  electron  is  photoexcited  from  some  deep  level  that 
is  independent  of  magnetic  field  to  some  conduction  band 
Landau  level,  either  spin  up  or  spin  dow  n,  in  the  conduction 
band  This  is  a  one-photon  absorption  process  with  no 
phonon  emission  or  absorption  The  band  calculations  were 
made  with  a  set  of  band  parameters  that  explains  a  wide 
variety  of  intraconduction,  intravalence  band,  and  two-pho¬ 
ton  interband  data.ft  "  '*  The  energy  intercept  at  B  =  0  was 
adjusted  to  best  fit  the  data  The  best  fit  resulted  from  an 
energy  intercept  of  E,  =  170  +  2  meV  That  is,  the  impurity 
state  for  this  process  is  located  rt  1 70  meV  below  the  bottom 
of  the  conduction  band  or  65  +.  2  meV  above  the  top  of  the 
valence  band  (with  an  energy  band  gap  of  235.2  meV  for 
InSbi  In  a  simple  energy  conservation  equation 

fkj  -  E  .  izii  +-  Et ,  |4| 

w  here  the  zero  of  energy  is  located  at  the  bottom  of  the  con¬ 
duction  band  at  zero  magnetic  field  and  F. ,  is  the  magnitude 
of  the  binding  energy  of  the  deep  lev  el 

The  theory  of  this  model  Eq  (4)  agrees  well  for  most  of 
the  data  shown  in  Fig  1 1  There  are  some  noticeable  differ¬ 
ences.  however,  at  the  low  and  high  magnetic  fields  The 
data  at  low  fields  lie  slightly  below  the  theoretical  lines,  w  hile 
the  high  field  data  are  just  slightly  above  the  theory  The  data 
at  low  fields  should  also  be  a  convolution  or  a  mixture  of  the 
two  spin  states  of  the  Landau  levels;  the  experiment  can  not 
resolv  e  the  two  spin  states  because  they  are  too  close  together 
in  magnetic  field  In  this  model  the  impurity  level  activation 
energy  was  assumed  to  have  no  magnetic  field  dependence 
and  hence  remained  fixed  at  all  magnetic  fields  Zawadzki'" 
has  shown  that  shallow  donor  lev  els  can  be  approximated  by 
a  hydrogen-like  model  and  do  have  a  magnetic  field  depen¬ 
dence  which  closely  follows  the  I  andau  levels  of  the  conduc¬ 
tion  band  Although  very  little  information  exists  on  the 
magnetic  field  properties  of  deep  lev  els,  it  is  not  too  unrea¬ 
sonable  to  conclude  that,  at  least,  a  small  magnetic  field  de¬ 
pendence  of  the  impurity  level  should  be  included  However, 
since  no  adequate  theory  exists  for  description  of  the  deep 
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LlLi  12  l  an  than  of  the  DLCRH  transitions  w  ith  theoretical  calculations 
of  model  II  .deep  level  transitions  The  intercept  at  H  <)  is  "4  *tH*V 

Fig.  m.LZ 

levels,  no  attempt  was  made  to  include  this  slight  field  de¬ 
pendence  in  the  deep  level  model 

Since  the  structure  for  the  impurity  transitions  caused 
by  the  CO  laser  have  qualitatively  the  same  appearance  and 
behavior  as  the  DLCRH  structure  observed  with  the  CO. 
laser  (same  doublet  structure  and  polarization  indepen 
dencei.  a  fit  to  the  C'O.  laser-induced  DLCRH  resonance  in 
Fig.  1 2  was  also  made  using  a  photoexcited  deep  level  model 
That  is,  Eq  Ai  was  fit  to  the  minimum  positions  of  the 
DLCRH  resonance  structure  of  Fig.  2  for  each  photon  ener¬ 
gy  of  the  CO;  laser  used.  The  energy  intercept  was  again 
adjusted  to  best  fit  the  data  and  was  determined  to  be  74  ±  2 
meV  Thus,  the  data  could  be  represented  by  a  model  in 
which  electrons  are  photoexcited  out  of  an  impurity  level  74 
meV  below  the  bottom  of  the  conduction  band,  to  some  Lan¬ 
dau  level,  cither  spin-up  or  spin-dow  n  state,  of  the  conduc¬ 
tion  band.  The  DLCRH  data  of  Fig  12  shows  the  same 
qualitative  behav  ior  as  the  transitions  of  Fig  1 1  The  data  at 
low  fields  are  slightly  lower  than  the  theoretical  energies 
while  the  high  field  data  is  at  a  slightly  higher  energy  than 
the  theoretical  curve.  An  accurate  model  for  the  magnetic 
field  dependence  of  the  deep  level  might  possibly  improve 
the  fit.  It  should  be  noted  that  the  observed  doublet  structure 
can  only  be  described  by  a  splitting  of  the  final  state,  rather 
than  the  initial  state.  This  is  because  the  energy  separation  of 
the  two  parts  of  the  doublet  structure  at  a  constant  magnetic 
field  decreases  for  higher  Landau  level  numbers.  If  the  ob¬ 
served  splitting  were  a  result  of  the  initial  deep  level  splitting, 
the  separation  of  the  doublet  structure  would  remain  con¬ 
stant 

Further  evidence  of  a  deep  level  approximately  70  meV 
below  the  bottom  of  the  conduction  band  comes  from  the 
temperature  dependence  of  the  DLCRH  structure.  Figure 
13  illustrates  the  decrease  in  amplitude  of  the  DLCRH 
structure  with  temperature.  The  traces  are  plotted  in  the 
inverse  magnetic  field  for  five  temperatures  between  2  and 
32  K  The  amplitude  of  the  resonant  structure  is  largest  at  2 
K  and  remains  relatively  constant  with  temperature  until 
temperatures  of  20  2fi  K  are  reached  At  those  temperatures 
the  amplitudes  decrease  dramatically  and  at  32  K  the 
DLCRH  structure  seems  to  have  disappeared  completely. 

The  sharp  decrease  in  amplitude  of  the  DLCRH  reso- 
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nant  sliacture  at  approximately  26  K  can  be  explained  by 
thermal  ionization  of  the  74  meV  impurity  level  and  de¬ 
creases  in  the  detector  response  of  the  sample  Thermal  exci¬ 
tation  of  electrons  from  the  valence  band  to  the  conduction 
band  across  the  band  gap  (235  2  meV)  starts  occurring  at 
temperatures  of  about  120  K  (demonstrated  in  Hall  coeffi¬ 
cient  measurements  and  in  magnetophonon  effect  measure¬ 
ments!.  Thus,  thermal  ionization  of  a  74-meV  level  could 
start  occurring  in  the  neighborhood  of  25-30  K,  because  of 
the  tail  of  the  Maxwdl-Boltzmann  distribution  The  CO. 
laser-induced  photoconductive  response  of  the  sample  also 
depends  quite  dramatically  upon  temperature,  becoming 
very  small  at  the  higher  temperatures.  From  the  results  of 
the  experiments  discussed  here  it  would  appear  that  model 
II,  in  which  electrons  are  photoexcited  fra l  a  deep  level,  74 
meV  below  the  bottom  of  the  conduction  band  into  some 
conduction  band  Landau  level,  is  the  correct  model  for  the 
interpretation  of  the  DLCRH  structure  Model  I  would  pre¬ 
dict  some  similar  result  for  DLCRH  as  compared  to 
PACRH,  yet  polarization  and  electric  field  studies  show 
definite  differences  between  the  two  effects.  In  addition,  the 
photoconductive  results  obtained  with  CO  laser  induced 
deep  level  transitions  show  the  same  general  shape  of  the 
structure  and  polarization  independence  as  with  the  C02 
laser-induced  impurity  transitions.  Polarization  indepen- 
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I A  {3  If  I  Sumrnar)  of  various  deep  level  measurements  in  InSb  and  their  energies  below  the  conduction  band 
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dence  has  also  been  observed  in  acceptor  impurity  transi¬ 
tions  in p-lnSb. 1 1  In  our  case,  transitions  from  the  deep  levels 
for  both  polarizations  would  be  possible  if  the  wave  function 
for  the  deep  level  state  is  some  mixture  or  linear  combination 
of  the  Bloch  states  used  for  the  other  bands  Then  the  optical 
matrix  element  between  the  initial  and  final  states  would 
probably  be  nonzero  if  the  deep  level  wave  function  was  a 
large  enough  linear  combination  of  other  band  wave  func¬ 
tions.  Since  detailed  information  about  deep  levels  is  very 
limited,  knowledge  of  the  wave  functions  for  these  states  is 
minimal.  Perhaps  a  careful  analysis  of  these  results  would 
yield  some  information  on  the  wave  function.  The  intensity- 
dependence  observed  in  Fig  4  can  also  be  explained  by  opti¬ 
cal  depletion  of  the  deep  levels. 

IV.  CONCLUSIONS 

Deep  levels  in  InSb  have  been  studied  by  a  wide  variety 
of  experimental  techniques  over  the  last  several  de¬ 
cades  These  measurements  include  life¬ 

time,'  -  '•  " 41,4 1  Hall  coefficient,  conductivity  or  mo¬ 
bility, 14  l'v'  W44  transmission  or  absorption,"4’  and 
noise  " 41 4'  A  summary  of  the  results  of  these  experiments 
are  given  in  Tahle  I  where  we  also  present  a  comparison  with 
our  determinations  of  the  deep  level  positions  As  can  be  seen 
from  the  table,  there  is  quite  good  agreement  on  the  location 
of  level  located  170  meV  below  the  conduction  band  In 
contrast,  the  values  for  level  £',  are  in  rather  poor  agreement. 
Possibly,  there  might  actually  be  two  different  levels  in¬ 
volved  as  indicated  by  Ismailov  er  ai  ”  As  noted  in  most  of 
the  previous  publications,  centers  with  deep  le-  Is  (£,)  are 
always  present  in  InSb  independent  of  the  method  and  time 
of  cry  stal  grow  th,  and  aiso  independent  of  the  doping  level. 
Thus,  these  F.  levels  seem  to  be  caused  by  lattice  defects 
characteristics  of  the  crystal  Their  concentration  may  be 
about  I014  cm  '  Their  position  is  located  approximately  in 
the  midgap  region  and  most  of  the  experimental  results 
shown  in  Table  I  are  consistent  with  each  other. 

In  summary,  we  have  shown  that  magneto-optical  tech¬ 
niques  are  capable  of  being  used  to  study  deep  levels  in  high 
purity  InSb  I'sing  a  CO,  laser,  a  level  -  74  meV  below  the 
conduction  band  has  been  identified,  a  level  -  170  meV  be¬ 
low  has  been  found  with  a  C< )  laser  I  hese  values  are  in  good 
agreement  with  previous  results  obtained  over  the  last  two 
decades  It  is  not  clear  whether  these  two  levels  are  caused  by 
lattice  defects  or  residual  impurities  We  can  also  conclude 
that  thes  magneto-optical  techniques  should  be  valuable  in 
the  inv  estigation  of  deep  levels  in  other  semiconductors 
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Intra-conduction-band  magneto-optical  studies  of  InSb 

M.  W  Goodwin*  and  D.  G.  Seiler 
Center  for  Applied  Quantum  Electronics,  Department  of  Physics, 

S'orth  Texas  Stale  Cnuerstty,  Denton,  Texas  76203 
i Received  '  September  1482) 

CO -laser-  induced  phonon -assisted  c> clot ron- resonance  harmonics  IPACRH)  in  n-type 
InSb  are  investigated  at  low  magnetic  fields  with  photoconductivity  techniques.  The  high 
resolution  allowed  transitions  up  to  the  23rd  harmonic  to  be  seen  Polarization  studies  of 
PACRH  show  (hat  strong  resonances  are  present  for  e'lB  <but  not  for  e"  |B)  in  the  Voigt 
geometry  In  the  Faraday  geometry,  the  resonances  were  found  to  be  of  approximately 
equal  amplitude  for  both  o r  and  o,  circularly  polarized  light  A  large  variety  of  tntra- 
conduction-band  magneto-optical  experimental  work  has  been  unified  and  explained  using  a 
modified  Pidgeon- Brown  energy-band  model  and  only  one  set  of  band  parameters.  These 
include  cyclotron  resonance,  combined  resonance,  cyclotron-resonance  harmonics,  combined 
resonance  harmonics,  electron-spin  resonance,  and  PACRH  data  from  a  wide  variety  of  au¬ 
thors  I  he  resulting  set  of  energy-band  parameters  are  Et  -  235.2  meV,  Ep-  23.2  eV, 

A  0.803  eV.  }',  ---3.25.  y.  -  0  2,  y,  .0.4.  x  I  3,  E  0  2.  q  -  0.0,  /V,=  -  0.55. 

These  parameters  are  also  shown  to  explain  die  variation  of  the  effective  g  factor  with  mag¬ 
netic  field  III  addition,  these  parameters  also  quanntaliv  cly  explain  recent  two-photon 
magnetoabsorption  data  and  recent  intra-valence-band  data 


INTRODUCTION 

Over  the  past  several  decades  magneto-optical 
studies  in  semiconductors  have  proven  capable  of 
determining  energy-band  parameters  because  of  the 
optical  transitions  that  Occur  between  magnetically 
quantized  electronic  or  impurity  states.  The  con¬ 
duction  band  of  InSb.  in  particular,  has  been  exten¬ 
sively  studied  with  a  wide  variety  of  techniques.  In 
part  this  is  because  high-quality  InSb  material  can 
be  grown  with  a  small  number  of  impurities  and  ex¬ 
cellent  homogeneity  characteristics.  It  is  thus  not 
surprising  to  find  that  a  great  many  intra- 
conduction-band  processes  have  been  observed  and 
studied  m  InSb  However,  there  have  been  few  at¬ 
tempts  to  quantitatively  characterize  all  these  pro¬ 
cesses  with  theoretical  models  using  the  same  set  of 
energy-band  parameters 

One  purpose  of  this  investigation  is  to  unify  the 
experimental  work  on  the  conduction  band  of  InSb 
into  a  more  logical  and  complete  study.  With  a  sim¬ 
plified  8  -8  Pidgeon-Broun  model1  of  the  bands, 
we  simultaneously  explain  a  wide  variety  of 
conduction-band  data  cyclotron  resonance,2  4  com¬ 
bined  resonance,'  cyclotron-resonance  harmon¬ 
ics,4  combined  resonance  harmonics,4  M  electron- 
spin  resonance,1'1  1  ami  phonon-assisted  cyclotron- 
resonance  harmonics4  1,-14  (PACRH)  using  only 
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one  set  of  band  parameters. 

In  past  studies  there  has  been  limited  success  in 
explaining  the  magnetic  field  dependence  of  the 
conduction-band  g  factor  of  MeCombe  and 
Wagner1"  or  the  more  recent  results  of  Kuchar 
et  al . 11  However,  our  new  set  of  band  parameters 
and  calculations  obtained  here  are  shown  to  explain 
this  magnetic  field  dependence  extremely  well  In 
addition  we  present  new  experimental  work  on 
PACRH.  W'tth  a  high-resolution  CO;- 
laser-  induced  photoconductivity  technique,  transi¬ 
tions  up  to  the  2.3rd  harmonic  at  very  low  magnetic 
fields  l  -  6  kGi  are  resolved.  From  a  polarization 
study  of  PACRH  we  find  for  the  first  time  that  the 
absorption  strengths  for  the  circularly  polarized 
light  configrations  or  and  aL  are  approximately 
equal  in  magnitude  for  the  range  of  photon  energies 
and  magnetic  fields  in  this  study. 

EXPERIMENTAL  WORK 

The  method  to  obtain  the  new  low-field  data 
presented  here  on  PACRH  used  the  sensitive  photo- 
conductive  response  of  the  sample  itself  in  conjunc¬ 
tion  with  sampling  oscilloscope  and  magnetic  field 
modulation  techniques.  The  source  of  incident  radi¬ 
ation  was  a  continuous-wave  COj  laser  with  a  tun¬ 
able  grating  providing  variable  photon  energies  The 
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laser  beam  was  mechanically  chopped,  producing 
optical  and  hence  photoconductivity  pulses  approxi¬ 
mately  20/jsec  wide  ai  a  repetition  of  1200  Hz.  The 
sample  was  mounted  in  an  optical  variable  tempera¬ 
ture  Dewar  between  the  pole  faces  of  .■  20-kG  elec¬ 
tromagnet  Helmholtz  coils  wrapped  around  the 
pole  faces  produced  a  43-Hz,  400-G,  peak-to-peak 
magnetic  field  modulation.  A  sampling  oscilloscope 
and  lock-in  amplifier  were  used  to  process  the  ~ho- 
toconductivity  pulses  produced  in  the  sample  oy  the 
chopped  laser  beam  and  the  ac  magnetic  field.  The 
data  were  recorded  as  the  second  derivative  of  the 
photoinduced  magnetoresistance  tv  axis)  as  a  func¬ 
tion  of  magnetic  field  lx  axis). 

The  samples  of  n-type  InSb  were  obtained  from 
Cominco  American,  Inc.  and  had  a  net  carrier  con¬ 
centration  of  -9x  10' '  cm'1  and  an  electron  mo¬ 
bility  of  700000  cm/V  sec  at  77  K.  The  dimensions 
of  the  samples  after  cutting  were  approximately 
6x2x0. 2  mm1.  After  polishing  on  both  sides  with 
3-/zrn  alumina  polishing  grit,  the  samples  were  then 
etched  in  a  bromine-methanol  solution  for  about  1 
min.  Contacts  to  the  samples  were  made  by  first 
fluxing  the  surface  and  then  soldering  small  indium 
dots  with  small  gold  wires  to  the  samples.  Two  end 
current  contacts  and  two  side  voltage  contacts 
formed  a  standard  four-contact  potential  measuring 
geometry. 

DISCUSSION  OF  THEORETICAL 
PROCESSES  AND  RESULTS 

The  theory  of  the  Landau-level  energies  used  in 
this  study  was  based  upon  an  8*8  Pidgeon-Brown 
energy-band  model  developed  by  Pidgeon  and 
Groves1'’  and  more  recently”  1  by  Weiler  et  al. 
Weller  has  reduced  the  full  8x8  Hamiltonian  con¬ 
taining  warping  and  inversion  asymmetry  effects  to 
two  4x4  matrices  (one  each  for  the  spin-up  and 
spin-down  Landau  levels)  which  contain  only  warp¬ 
ing  effects  along  the  diagonal  part  of  the  matrices. 
The  reduced  4  •:  4  Hamiltonians  contain  ten  parame¬ 
ters  which  must  be  adjusted  to  fit  the  theoretical 
transition  energies  to  a  set  of  experimental  data.  Of 
these  ten  parameters  a  new  one.  .V,,  was  introduced 
by  Weiler  to  include  the  spin-orbit  splitting  of 
higher  bands  of  r„  symmetry.  The  4>  4  matrices, 
which  are  solved  numerically  by  a  computer,  give 
the  energy  eigenvalues  for  the  conduction,  valence 
'light  and  heavy  hole),  and  spin-orbit  split-off  bands 
for  both  spin-up  and  spin-down  Landau  levels.  The 
trar1  on  energies  for  the  different  magneto-optical 
procc  are  then  calculated  by  combining  the 
Landau-level  energies  with  specific  selection  rules 
In  the  following  sections  the  selection  rules  for  these 
different  processes  are  given. 
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Cyclotron,  combined,  harmonics, 
and  electron-spin  resonances 

Cyclotron  resonance  was  first  used  by  Dresselhaus 
et  al . 18  to  investigate  the  band  structure  of  silicon 
and  germanium.  In  simple  terms,  cyclotron  reso¬ 
nance  occurs  when  the  energy  between  the 
n=0andn=l  spin-up  conduction-band  Landau 
levels  equals  the  incident  photon  energy.  That  is 

fcu  =  £oc(l)-£#c(0),  Mi 

where  fiu  is  the  photon  energy  and  E'ini  is  the  ener¬ 
gy  of  the  wth  spin-up  conduction-band  Landau  level 
The  defining  equation  for  the  cyclotron-resonance 
effective  mass  m  *  is 

flu  —  fuu,. ,  1 2 1 

where  uc~eB  /m‘ ,  B  is  the  magnetic  field  strength, 
and  m*  is  an  effective  mass  which  for  conduction- 
band  cyclotron  resonance  is  an  electron  effective 
mass.  This  equation  has  been  traditionally  used  for 
cyclotron  resonance  even  for  bands  that  are  nonpar¬ 
abolic.  Cyclotron  resonance  is  a  result  of  the  selec¬ 
tion  rules  A r.  =  +  I;  As  =  0  for  e’lB  (o;  polariza¬ 
tion)  and  can  be  derived  from  one-photon  absorption 
processes  with  the  use  of  the  usual  spherical  approx¬ 
imation.”  When  the  magnetic  field  B  is  such  that  a 
resonance  occurs,  then  electrons  in  the  n  =0  spin-up 
conduction-band  Landau  level  will  absorb  photons 
from  the  optical  flux  and  be  excited  to  the  n  =  I 
spin-up  conduction-band  Landau  level. 

Cyclotron  resonance  in  InSb  was  first  observed  in 
transmission  studies  by  Dresselhaus  et  al. 10  using 
microwave  radiation  and  later  by  Burstem  et  al.20 
using  infrared  radiation.  Cyclotron  resonance  was 
also  observed  by  a  number  of  other  investiga¬ 
tors."1  ""  In  addition  to  cyclotron  resonance. 
McCombe  and  co-workers"  '  studied  other  types  of 
intra-conduction-band  processes  such  as  combined 
resonance,  spin-down  cyclotron  resonance,  and 
PACRH  which  will  be  discussed  in  the  next  section. 
Combined  resonance  is  a  process  in  which  an  elec¬ 
tron  initially  in  the  n=0  spin-up  conduction-band 
Landau  level  makes  a  transition  by  photon  absorp¬ 
tion  to  the  n=  1  spin-down  Landau  level.  That  is,  at 
resonance 

fka  —  fkt)c  +  fkos  =  £jl  1  )  -  £„(0),  (3) 

where  fuo,  is  the  energy  between  a  spin-up  and 
spin-down  Landau  level  and 

(4i 

where  g*  is  the  Lande  g  factor  and  is  the  Bohr 
magneton  The  selection  rule  for  this  process  is 
again  derived  from  the  spherical  approximation 
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treatment  for  one-photon  absorption  and  is 
A n  t  1;  As  1  for  e'  B  in  polarization  >.g  This 
process  is  not  allowed  for  e‘(B  in  the  spherical  ap 
proxunation  Spin-down  cy  clot  run  resonance  obeys 
Eq.  i2t  except  electron  transitions  occur  between  the 
spin-down  (x  -  ,  i  levels  of  the  n  0  and  n  I 
Landau  levels.  This  effect  is  usually  observed'  at 
the  higher  temperatures  i  -  77  K).  where  the  tail  of 
the  probability  distribution  of  carriers  is  long 
enough  to  significantly  populate  the  higher-energy 
spin-down  n  0  Landau  level. 

Another  comprehensive  study  of  conduction-band 
processes  in  InSb  was  performed  by  Johnson  and 
Dickey  *  In  addition  to  those  processes  studied  by 
Me  Com  be,  they  observed  resonant  structure  in 
transmission  spectra  which  were  caused  by  harmon¬ 
ics  of  cyclotron  resonance.  Harmonics  of  cyclotron 
resonance  are  the  result  of  electrons  in  the  spin-up 
ri  -0  I  andau  level  ’  -mg  photoexeited  to  the  sptn-up 
state  of  some  n  s.  1  La:.  Jan  level  Thus  when  a  reso¬ 
nance  condition  occurs 

fuj  nfuuc  A 'j '  n  •  A’j  i  O'.  * 5 ) 

where  n  1  is  the  condition  for  cyclotron  resonance. 
It  should  be  pointed  suit  that  because  of  nonparabol- 
icity  and  quantum  effects,  the  "harmonic"  transi¬ 
tions  nfkL\.  do  lust  occur  exactly  at  the  energy  n 
times  fiu,  Therefore,  the  notation  nfu>c  is  used 
merely  for  labeling  purposes.  The  origin  of  these 
processes  in  terms  of  selection  rules  cannot  be  de¬ 
rived  in  the  usual  spherical  approximation.  Howev¬ 
er.  there  have  been  extensive  theoretical  investiga¬ 
tions'1  lf,  :4  of  these  processes.  Other  processes  which 
have  also  been  observed  in  studies  of  the  spin-flip 
Raman  laser*"36  are  spin-flip  with  the  harmonics  of 
the  cyclotron  resonance  or 

4j  -  nfkoc  *  —  A'jjt  n  i  A^  1 0  • .  ti 

Electron-spin  resonance  associated  with  spin-flip 
processes  can  be  described  by 

4  /  -  4a,  A  * 1 0 1  A  „  1 0 1.  |71 

where  electrons  in  the  sptn-up  o  •  t  state  are 
photoexeited  to  the  spin-down  iv  i  stale  of  the 

n  t)  Landau  level  Isaacson'  and  McC’ombe  and 
Wagner1'1  investigated  this  process  in  order  to  obtain 
the  conduction-band  g  factor  g*.  Lq  i4)  More  re¬ 
cently  Kiichar  i -i  ul."  found  that  the  strength  of  the 
spin-resonance  line  depended  upon  the  amount  of 
uniaxial  stress  applied  to  the  sample.  However,  the 
magnetic  field  positions  of  the  resonances  are  not 
measurably  effected  I  he  magnitude  of  the  observed 
g  factor  and  its  variation  with  magnetic  field  will  be 
discussed  in  more  detail  later 


The  band  parameters  used  in  this  study  were  ob¬ 
tained  by  numerically  fitting  the  theoretical  transi¬ 
tion  energies  to  a  large  set  of  magneto-optical  data 
In  addition  to  the  intra-conduetion-band  data  just 
discussed  and  PACRH  data  to  be  discussed  later  in 
this  paper,  a  set  of  two-photon  interband31'  and  one- 
photon  intra-valence-band*”  data  were  also  used  to 
numerically  obtain  the  band- parameter  set  reported 
here  With  all  these  processes  the  resulting  band 
parameters  reported  here  should  be  more  uniquely 
determined  than  in  previous  studies. 

Figure  1  shows  the  fit  of  the  theoretical  transition 
energies  to  (he  intra-conduction-band  processes  that 
have  been  described  so  far.  The  band  parameters 
determined  from  the  fit  are  Et  235.2  rneV,  F.f 

23.2  eV.  A  0.803  eV,  ) .  3.25.  V---0.2, 

)  ,  O.b,  h  -  1.3,  F-  —0,2,  q  0.0.  and 

.V,  0.55  The  definitions  of  these  parameters  are 

given  by  Weilcr  et  ul . 0  and  a  comparison  with  other 
work  is  reported  by  Littler  et  al :<>  It  must  be  point¬ 
ed  out  that  our  measurements  could  not  satisfactori¬ 
ly  determine  the  spin-orbit  splitting  energy  A.  We 
therefore  used  the  value  obtained  by  Aggarwal 
(A  =  0.803  eVi.'1’ 

In  Fig  I  are  plotted  the  transition  energy  versus 
magnetic  field  data  of  several  authors.'  *  The  data 
should  represent  most  of  the  important  work  on  the 
conduction  band  of  InSo,  but  is  not  an  exhaustive 
set.  However,  the  data  of  other  works'1  0  do  agree 
with  those  results  presented  here.  The  labels  corre¬ 
spond  to  the  final  state  of  the  transition;  the  initial 
state  for  all  the  transitions  is  the  spin-up  n-0  or 
jiO>  Landau  level  With  this  set  of  band  parame¬ 
ters.  a  good  lit  to  all  the  data  is  very  apparent  even 
to  the  high  magnetic  fields  of  20.0  T  (200  kG1  At 
energies  below  120  meV  there  is  an  excellent  fit  of 
the  theoretical  lines  with  the  data  Above  120  meV 
for  the  u'2>,  b(2i.  and  u(3>  transitions  there  does  ap¬ 
pear.  however,  to  be  a  slight  shift  of  the  theory  from 
the  data  This  may  be  the  result  of  the  energy-band 
model's  failure  to  predict  accurate  transition  ener¬ 
gies  at  the  higher  energies  Another  possibility 
might  be  that  small  adjustments  in  the  band  param¬ 
eter  set  are  needed  to  improve  the  fit.  However,  this 
deviation  does  not  significantly  detract  from  the 
good  overall  agreement  of  the  theory  with  a  large 
amount  of  data 

The  data  in  Fig  I  is  a  mixture  of  data  obtained 
with  B  parallel  to  the  (III)  and  (100)  crystal 
directions.  The  theoretical  lines  were  calculated  for 
B  (100)  crystal  direction.  The  data  for  the  two 
crystal  directions  agree  within  experimental  error, 
indicating  no  major  differences  between  them  Fig¬ 
ure  2  illustrates  the  differences  in  the  theoretically 
calculated  transition  energies  between  the  two  direc¬ 
tions  with  the  band-parameter  set  given  previously 
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FIG  1  Fan  chan  of  various  intraconduction  processes  used  to  determine  the  band  parameter  set  of  this  study.  The  no¬ 
tation  umi  oi  him  refer  to  the  final-state  spin-up  or  spin-down  level,  respectively,  of  the  nth  Landau  level  The  data 
points  are  as  follows  •.  Refs  2  and  3;  *  .  Ref.  11;  O.  Ref  4;  G,  Ref  5:  A,  Ref  6;  +  ,  Ref,  8.  The  labels  by  the  line 
represent  electron  spin  resonances  [biOl],  cyclotron  resonance,  [at  1 ' ].  combined  resonance  [f><li],  cyclotron  resonance 
harmonics  [u(  2  i,  a  t  3 1,  u  ( 4 ) ] ,  and  combined  resonance  harmonics  [b  t  2  >). 
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FIG  2  Anisotropy  differences  for  B  (111)  and  <  100)  for  the  transitions  in  Fig.  I. 
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FIG.  3  Extrapolated  magnetic  field  dependence  of  the 
conduction-hand  g*  factor  showing  the  excellent  fit  of  our 
theoretical  calculations  to  (he  data  of  Refs.  3  and  2'. 

Ftfi  -  ilL  •  I  b 

The  B  fill)  transition  energies  are  only  slight!) 
lower  in  energy  than  the  B  (100)  transition  ener¬ 
gies.  in  agreement  with  the  anisotropy  measure¬ 
ments  of  McCombe.''  The  deviation  is  more  pro¬ 
nounced  for  transitions  at  high  energy  and  high 
magnetic  fields.  The  high-field  and  high-energy 
data  of  Fig  1  (C.A)  were  obtained  with  B'  <  100). 
as  were  the  theoretical  lines,  thus  no  discrepancy 
should  exist  because  of  the  differences  tit  the  two 
crystal-field  directions  There  remain  only  the  low- 
energy,  low  magnetic  field  data,  which  is  a  mixture 
of  B  (111)  and  (100)  data  and  for  which  there 
should  be  no  noticeable  differences  in  energy  as 
shown  in  Fig.  2. 

As  was  mentioned  previously,  McCombe  and 
Wagner1"  experimentally  determined  the  conduc¬ 
tion-band  g  factor  g*  from  F.q.  (41  as  a  function  of 
magnetic  field  from  spin-resonance  measurements. 
In  Fig.  3  their  values  for  g*t/>)  are  plotted  along 
with  theoretical  results  of  other  work4  14  and  of  this 
study.  The  theoretical  calculation  of  was  ob¬ 

tained  by  finding  the  theoretical  energy  difference 
&,,/?)  between  the  <;t()>  and  hi  O'  I  .tudau  levels  of 
the  diff  .nl  theories  and  then  using  Fq  14'  to  deter¬ 
mine  g *'/?'.  As  shown,  the  theoretical  lines  of 
Pidgeon  el  a!.  14  and  Johnson  and  Dickey4  underesti¬ 
mate  and  overestimate  the  data,  respectively.  The 
band  parameters  of  this  study  were  adjusted  to  fit  g* 
to  McCombe  and  Wagner's  data.1"  Thus  th-re  is 
good  agreement  between  theory  and  data  even  for 
Isaacson’s-  R  0  value  of  -  51.3.  The  higher  band 
parameter  which  influences  g,*i2?)  the  most  is  V.. 
which  is  —0.55  from  these  measurements.  At  R  0 
our  value  ot  g*K)l  is  50. b,  while  Johnson  and 


Dickey's  result  is  g*t())=-  -51.3.  The  excellent  fit 
of  the  theory  to  g*‘B i  is  also  apparent  in  Fig.  1 
where  the  same  good  agreement  of  the  transition  en¬ 
ergies  to  the  spin-resonance  line  bt()i  also  occurs.  In 
the  same  manner  Weiler14  also  explained  the  mag 
netic  field  dependence  of  the  spin-flip  frequency 
K>.“'  but  with  a  slightly  different  set  of  hand 
parameters 

Phonon-assisted  cyclotron-resonance 
harmonic  transitions 

Another  major  magneto-optical  effect  which  is 
certainly  relevant  to  any  discussion  of  intraconduc- 
tion  processes  is  that  of  PACRH.  The  basic  theory 
for  this  process  was  first  published  by  Bass  and 
Levinson.'1’  In  addition  to  an  electron-photon  in¬ 
teraction  which  causes  the  processes  described  in  the 
preceding  section,  a  longitudinal-optical  (LOl  polar 
phonon  also  interacts  with  the  electron-photon  sys¬ 
tem  to  create  absorption  resonances.  Specifically,  an 
electron  in  the  u(0  ,  spin-up  n  - 0,  Landau  level  will 
absorb  a  photon,  while  simultaneously  emitting  an 
LO  phonon  of  energy  and  thus  make  a  transi¬ 
tion  to  some  higher  n  sptn-up  am-  Landau  level. 
The  simple  energy  conservation  equation  for  this 
process  is 

hi i  -=  n  hic  i-  hoit  E^in)  —  Ec0 ( 0 )  +  hov.  1 8 1 

where  h>„  is  the  LO-phonon  energy.  The  transition 
rate  for  this  process  is  usually  described  by  second- 
order  perturbation  theory  >h  '  and  can  be  written  as 

r  2-  y  if  Hi  DU  //*  /> 

>f  ~  *  ,  E,  -E‘ (Oi-fcu 

(/  Hr  i)  : 

,  E,-E'(0)-h.>u 

xhlL'ain1  —  E^iO\- fuo  +  fuiit,)< 

where  H R  and  //,  are  the  electron-photon  and 
electron-phonon  interactions,  respectively,  and 
1 <J  i ,  F.,,  and  Ea<n  i  are  the  energies  of  the  initial, 
intermediate,  and  final  states  <i,r./',  respectively 
The  t)  function  is  a  statement  of  the  energy  conser¬ 
vation,  Eq.  1 8 ?.  and  the  sum  is  over  all  possible  inter¬ 
mediate  states  For  the  light  polarization  <r,  in  the 
electron-photon  interaction  //*,  the  Landau-level 
number  n  changes  to  n  t  1  from  the  initial  to  the  in¬ 
termediate  states  'first  term)  or  intermediate  to  final 
states  (second  term)  for  the  same  spin.  The 
electron-phonon  interaction  //,  allows  a  transition 
from  a  state  n  to  any  state  n‘,  but  is  strongly  spin 
conserving.  Thus,  although  there  are  definite  selec¬ 
tion  rules  for  the  electron-photon  interaction,  transi- 
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FIG  7.  Polarization  dependence  of  PACRH  for  e’J  B  and  e’  B  PACRH  is  strong  for  e'lB  and  very  weak  for  e'  B 
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turns  between  any  Landau  levels  n  and  n'  are  al¬ 
lowed.  because  there  are  no  selection  rules  for  the 
electron-phonon  interaction.  The  same  types  of  vir¬ 
tual  transitions  to  and  front  the  intermediate  states 
are  also  possible  for  irH  PACRH  should  not  be  ob¬ 
served  for  e'  B.  because  then  the  photon  transitions 
are  between  states  of  opposite  spin 

The  minimum  positions  of  the  PACRH  stiucture 
at  each  photon  energy  for  new  data  presented  in  this 


■  2X> 

paper  and  the  data  of  other  previous  work  are  plot¬ 
ted  in  Fig.  4  With  the  set  of  band  parameters  deter¬ 
mined  in  this  investigation,  transition  energies  for 
PACRH  were  also  calculated  dines)  and  compared 
with  the  data.  In  addition  to  the  band  parameters 
already  discussed,  the  LO-phonon  energy  t the  ener¬ 
gy  intercept  at  B  —  0)  was  also  used  as  an  adjustable 
parameter  in  the  computer  minimization  program. 
With  a  fit  to  all  the  data  shown  in  Fig.  4,  the  value 
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for  the  LO-phonon  energy  fuo0  was  found  to  be 
24.4  *  0.2  meV,  Johnson  and  Dickey4  also  deter¬ 
mined  the  LO-phonon  energy  from  their  measure¬ 
ments  to  be  24.4  *0.3  meV  Over  the  full  range  of 
magnetic  fields  and  photon  energies  there  is  thus  ex¬ 
cellent  agreement  of  theory  with  a  wide  variety  of 
data  using  the  band  parameter  set  determined  in  this 
investigation 

Present  results  of  PACRH 

Experiments  on  PACRH  were  also  performed  in 
this  study  for  n-type-  InSb  with  the  free-carrier  con¬ 
centration  -<*\101'em  Figure  5  shows  the 
wavelength  dependence  of  PACRH  that  we  obtained 
with  the  sampling  and  lock- in  technique  for  three 
representative  wavelengths.  The  PACRH  reso¬ 
nances  are  associated  with  the  minimum  structure 
because  the  minima  correspond  to  maxima  in  the 
conductivity.  With  the  sampling  and  lock-in  tech¬ 
nique  the  detector  response  is  proportional  to  the 
second  derivative  of  the  photomduced  magnetoresis¬ 
tance  Thus  changes  in  the  icsistance  of  the  sample 
are  inversely  proportional  to  changes  in  the  conduc¬ 
tivity.  For  PACRH  the  light  induces  changes  in  the 
mobility  of  the  free  electrons  in  the  conduction 
band,  which  causes  changes  in  the  conductivity  of 
the  sample  At  a  resonance,  the  light  will  excite  car¬ 
riers  at  the  bottom  of  the  band  to  very  high  energies 
in  the  hand  where  the  mobility  of  the  carriers  is 
larger,  thus  increasing  the  conductivity  or  decreas¬ 
ing  the  magnetoresistance  I  he  structure  could  only 
be  resolved  for  wavelengths  greater  than  10.33  p m 
because  two-photon  magneloabsorptioiv '  dominated 
the  spectra  for  high  photon  energies  and  therefore 
masked  any  intra-coiiduction-band  process  below 
that  wavelength  The  numbers  correspond  to  the 


Landau-level  number  of  the  final  state  of  the  transi¬ 
tion. 

An  expanded  scale  of  our  low-field  data  is  shown 
m  Fig  6  The  lines  represent  theoretical  calcula¬ 
tions  using  our  same  set  of  band  parameters,  and 
ftu(J  =  24.4  meV.  With  the  sensitive  sampling  and 
lock-in  amplifier  technique,  transitions  to  the  23rd 
harmonic  of  PACRH  can  be  resolved  Even  to  these 
high  harmonics  of  PACRH,  our  new  set  of  band 
parameters  is  still  quite  valid  for  describing  the  ob¬ 
served  transition  energies. 

The  polarization  dependence  of  PACRH  is  shown 
in  Fig  7  for  e'JB  and  e  B.  As  indicated.  PACRH 
is  much  stronger  for  e'iB  than  for  e  B  The  fact 
that  small  resonances  are  even  observed  for  e  B  is 
probably  due  to  a  small  admixture  of  e.B  polariza¬ 
tion  in  the  e’  B  trace.  In  addition  to  e.B  and  e  B 
we  have  also  obtained  spectra  for  the  circular  polari¬ 
zations  oK  and  .  shown  in  Fig.  8,  by  propagating 
the  beam  through  a  ZnSe  Fresnel  rhomb  For  both 
I’/;  and  lt,  the  PACRH  resonances  appear  to  have 
equal  strengths  To  our  knowledge  this  has  not  been 
observed  before.  However,  for  the  transitions  with 
final  states  n  -  9-23  in  the  range  of  magnetic  fields 
shown  here,  the  transition  rate  for  both  oR  and  ot 
are  expected  to  become  approximately  equal  as 
shown  by  the  following  simple  argument.  For  the 
large  harmonics  observed  here  -9  23>  the  second 
sum  over  /’  in  the  transition  probability  given  in  Fq 
<9)  will  dominate,  rather  than  the  first  sum  over  / 
Thus  we  consider  second-order  transitions  proceed¬ 
ing  by  the  phonon  interaction  HL  first  and  then  by 
the  photon  interaction  for  either  aL  or  aK  polarized 
light  Choosing  an  intermediate  state  of  I.andau- 
level  number  n  f  1  for  both  polarizations  allows  us 
to  write  the  transition  probability  ratio 


I  I  (n  //«*  n  *  1  >  |  *  |  Di  +  1  H°*  0>|; 

T n‘„  , s i I  |  ( n  ->  2  H R  n  -f  1  )  |  *  |  <  n  a-  1  HL 1  0 >  |  ; 


The  use  of  Eq.  <9i  of  Ref,  13  to  evaluate  the  photon 
matrix  elements  and  approximating  the  ratio  of  the 
phonon  matrix  elements  for  large  n  as  -  I  allows  us 
to  write  the  ratio  as  '  n  *  1  m  *2'  for  a  fixed  m 
Thus,  for  large  n,  the  absorption  strengths  for 
ii>  and  a t  would  not  be  expected  tv'  differ  much,  as 
shown  in  Fig  8. 

CONCLUSIONS 

In  conclusion  we  have  been  able  to  characterize 
the  conduction  band  ol  InSb  to  much  greater  accu¬ 
racy  that  has  previously  been  reported  With  the 
following  set  of  band  parameters.  Eg  235.2  meV, 


Ep  —23.2  eV,  A  -0.803  eV,  >*,  =  3.25,  p;  -0.2. 
P;  —  0.9,  k  —  —  1.3,  F=  -  0.2,  q  —  0.0.  .V,--  •  0.55. 
and  a  modified  Pidgeon  and  Brown  Hamiltonian 
model  of  the  Landau  levels,  we  are  able  to  calculate 
transition  energies  for  most  of  the  important  intra- 
conduction-band  magneto-optical  processes  These 
include  cyclotron  resonance,  combined  resonance, 
cyclotron-resonance  harmonics,  combined  resonance 
harmonics,  electron  spin  resonance,  and  phonon- 
assisted  cyclotron-resonance  harmonics  i PACRH i. 
In  addition  the  magnetic  field  dependence  of  the 
conduction-band  g*  factor  is  calculated  from  these 
band  parameters  and  is  found  to  agree  very  well 
with  the  experimental  spin-resonance  results. 10  "  : 
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ll  should  also  be  noted  that  these  hand  param¬ 
eters  ean  also  be'  used  to  calculate  transition  energies 
that  aic  also  in  excellent  agreement  with  recent 
intra-v  alence-band*  *  and  two-photon-mterband1' 
magneto-optical  data.  Except  for  the  value  of  /: 
these  band  parameters  are  in  good  agreement  with 
those  obtained  bv  VVeiler  from  analyzing  one- 
photon-mterband  data,  including  exeiton  contribu¬ 
tions  Thus  with  one  band-parameter  set  more 
magneto-optical  processes  can  now  be  explained, 
making  this  the  most  accurate  set  tor  InSh  so  far 
In  addition  to  the  band- parameter  studies  we  also 
present  new  experimental  results  of  PACRH  With 
a  sensitive  phoUK,  nduem itv  technique  PACRH 
transitions  up  to  the  2  .'id  harmonic  have  been 
resolved,  extending  previous  observations  of 
PACRH  to  much  lower  magnetic  fields  H  o  k G> 
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From  polarization  studies  PACRH  is  shown  to  be 
present  for  eiB,  but  almost  absent  for  e  li.  as  ex¬ 
pected.  However,  polarization  measurements  with 
circularly  polarized  light  uj#  and  o,  indicate  that, 
at  least  in  the  magnetic  field  range  of  our  experi¬ 
ments  PACRH  absorption  is  approximately  equal 
for  both  (tk  and  <//  .  in  agreement  with  simple  pre¬ 
dictions. 
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IV.  INTERACTION  OF  CO  LASER  RADIATION  WITH  n-InSb 


The  optical  properties  of  InSb  such  as  absorption  and  refractive  index  have 
been  shown  to  be  strongly  dependent  upon  the  creation  of  even  a  small  number  of 
free  electrons  or  holes.  Particularly  large  and  interesting  nonlinear  effects 
are  seen  near  the  bandgap  wavelengths  because  of  resonant  enhancement  near  the 
sharp  band  edge.  In  '‘dynamic"  nonlinear  optics,  the  changes  in  optical  effects 
depend  upon  the  dynamics  of  the  relaxation  of  the  excitation  (i.e.,  how  long 
does  it  take  for  the  electron  and/or  hole  to  relax)  back  to  an  equilibrium 
situation.  Needless  to  say,  this  is  a  very  complex  subj ect  because  many  di  f- 
ferent  physical  processes  can  take  place  either  simultaneously  during  the  photon 
absorption  or  subsequently  after  the  absorption. 

Here  we  have  investigated  absorption  processes  at  CO  laser  wavelengths  both 
below  the  fundamental  gap  energy  and  above  it.  Photoconducti vp  responses  are 
observed  and  identified  as  arising  from  (1)  impurity  or  defect  level  transitions 
to  conduction  band  Landau  levels  and  12)  interband  transitions  originating  from 
valence  to  conduction  band  Landau  l°vels  by  one-photon  interband  maqnpto- 
absorption  (exciton  effects  must  be  taken  into  account). 

We  have  already  reported  on  deep  level  transitions  using  the  CO^  laser  in 
Section  III.  One  reprint  there  contained  a  short  section  of  transitions  from  a 
deep  lev“l  to  the  conduction  band  Landau  levels  using  the  CO  laser.  This  deep 
level  was  found  to  originate  at  an  energy  of  170  meV  below  the  conduction  band 
edge  (or  about  65-66  meV  above  the  valence  band  rdge).  This  level  may  cor¬ 
respond  to  an  excited  state  of  a  gold  acceptor. 

Figur°  I V .  1  shows  unpublished  reproductions  of  the  photoconducti ve  response 
of  a  high  purity  sample  of  n-InSb.  The  numera Is  1-6  correspond  to  one-photon 
interband  magneto-optical  transitions  between  the  valence  band  and  the  conduc¬ 
tion  band.  Of  course,  the  role  of  exoitons  is  important  and  must  be  taken  into 
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account  in  the  quantitative  interpretation  of  this  data.  Transition  energies 
ran  be  calculated  from  an  8  x  8  P i dgeon-Brown  energy  band  model  and  compared  to 
the  data.  The  major  unresolved  question  is  to  investigate  the  quantitative  role 
of  the  excitons.  This  work  is  being  pursued  with  the  theoretical  help  of  Or.  R. 
F.  Wa 1  1  i s. 

The  structure  labeled  1  in  figure  IV. 1  is  a  transition  which  we  have 
identified  as  a  val enc^-^o-shal  1 ow  impunity  level  process.  The  fine  structure 
splitting  may  be  due  to  central  cell  splitting  of  this  shallow  donor  ground 
s^afp.  Tho  observed  magnetic  field  splittings  correspond  to  fractions  of  an  moV 
in  energy  and  arp  in  reasonable  agreement  with  the  expected  central  cell  split- 
t  i  n  q  s . 

At  much  lower  energies  one  sees  a  series  of  structures  which  is  related  to 
- 1  t  min  transitions  from  deep  1 °  ve 1 s  to  the  conduction  band  Landau  levels, 
"his  der-p  level  is  different  from  the  one  report  -d  earlier  in  the  reprint  in 
'an.  1 1  on  III.  Different  samples  of  n-InSb  were  used  which  accounts  for  the 
different  activation  energies.  This  sample  has  an  activation  energy  value  of 
-  jrl  mnV  abovp  the  valence  band  edge  which  is  in  reasonable  agreement  with  t.hc 
ground  state  of  a  gold  acceptor. 


V.  INVESTIGATION  OF  NONLINEAR  OPTICAL  PROPERTIES  OF  SEMICONDUCTORS 
A.  Indium  Antimonide 

Here  we  present  some  of  our  re  suits  of  an  investigation  of  the  nonlinear 
optical  properties  of  n-InSb  using  two-photon  spectroscopy  techniques  and  only 
cw  CO^  lasers.  Our  two-photon  experiments  werp  the  first  to  be  carried  out  in 
solids  using  only  cw  lasers.  Some  very  high  magnet  i  c  field  work  (up  to  15  T) 
was  carried  out  at  the  Francis  Bitter  National  Magnet  Laboratory  on  the  MIT 
campus.  Most  of  the  experimental  work  was  carried  out  at  NTSU  at  much  lower 
fields  (<  2  T).  More  extensive  details  than  can  be  presented  here  a>~e  contained 
in  a  Ph.D.  thesis  of  Dr.  M.  W.  Goodwin.  In  what  follows  we  reproduce  several  of 
our  published  papers. 
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High-resolution  two-photon  spectroscopy  in  InSb  at  milliwatt  cw  powers  in  a  magnetic  field 

D  G  Seiler’  and  M  W  Goodwin 

Department  of  Physics,  Sorth  Texas  State  i  mversity.  Denton  Texas 

M  H  Weiler 

Department  of  Physics,  Massachusetts  Institute  of  Technology  .  Cambridge.  Massachusetts  OTUV 
(Received  1  December  1980) 

Resonant  structure  in  the  magnetophotoconducnviiy  of  rr  lnSb  is  shown  to  arise  from  two- 
photon  absorption  of  cw  C02  laser  radiation  This  is  the  first  time  that  two-photon  experiments 
in  solids  have  been  carried  out  with  only  cw  lasers 


Weak  magneto-optical  transitions  in  high-purity  rt- 
InSb  induced  by  a  C02  laser  have  been  recently  ob¬ 
served  by  photoconductivity  measurements  for  edS 
in  the  Voigt  configuration  for  magnetic  fields  up  to 
1  2  T  ’-J  This  resonant  structure  was  first  attributed 
to  multiple  LO  phonon  emission  from  high-energy 
photoexcited  electrons  created  by  intraband  absorp¬ 
tion  1  1  Later,  it  was  proposed  that  the  structure  in¬ 
stead  originates  from  midgap  deep  defect  levels  that 
are  known  to  be  present  in  InSb.1  Two-photon 
resonant  magneto-absorption  was  not  suspected  be¬ 
cause  of  the  use  of  cw  lasers  and  the  very  low  inten¬ 
sities  '  =  1  W/cmJ)  where  the  structure  can  first  be 
observed  In  this  paper  we  present  new  experimental 
results  on  this  resonant  structure  for  eiS  and  for 
fields  up  to  2  T  The  simultaneous  use  of  two  CO; 
lasers  has  enabled  us  to  identify  unambiguously  the 
physical  origin  of  these  resonant  transitions  as  two- 
photon  absorption  rather  than  either  of  the  two  pre¬ 
vious  interpretations.  This  is  a  surprising  and  impor¬ 
tant  result  since  two-photon  effects  (in  any  material) 
have  only  been  previously  observable  with  the  help 
of  at  least  one  high-power  pulsed  laser  which  pro¬ 
duces  the  high  photon  fluxes  that  were  previously 
though!  to  be  necessary  The  use  of  cw  lasers  for 
two-photon  absorption  opens  up  new  opportunities  in 
spectroscopy  by  allowing  high-resolution  studies  of 
new  transitions  with  selection  rules  and  exciton  ef¬ 
fects  which  are  different  from  one-photon  transitions 


The  evidence  for  the  two-photon-absorption  interpre 
lation  which  we  present  in  this  paper  consists  of  (I) 
the  change  in  conductivity  induced  by  two  cw  CO: 
lasers  simultaneously  incident  on  the  sample.  (2)  the 
amplitude  of  the  structure  which  vanes  as  the  square 
of  the  intensity,  and  (3)  the  good  agreement  between 
theoretical  and  experimental  two-photon  transition 
energies  Our  new  experimental  results  cannot  be 
explained  by  the  multiple-phonon  or  deep-level 
models  since  neither  model  is  consistent  with  the 
two-laser  results  or  the  intensity  dependence  of  the 
amplitudes 

In  our  experiments,  a  constant  dc  electrical  current 
is  applied  to  the  sample  (of  concentration  9  x  10" 
cm"’)  while  a  small  ac  magnetic  field  modulates  the 
sample  conductivity  at  a  frequency  of  43  Hr  The 
photoconductive  signal  produced  by  the  chopped  laser 
(~20-psec  pulse  width  and  1700-Hz  repetition  rale) 
is  fed  into  a  sampling  oscilloscope,  the  output  of 
which  is  fed  into  a  lock-in  detector  with  response  pro¬ 
portional  to  the  second  derivative  of  the  photocon¬ 
ductive  signal  All  experiments  were  done  in  the 
Voigt  configuration  with  either  etB  or  ell B  and  the 
current  parallel  to  B  with  B  parallel  to  a  (110)  crys¬ 
tallographic  direction. 

The  crucial  experiment  that  clearly  shows  that  the 
observed  resonant  structure  in  the  photoconductivity 
is  due  to  two-photon  processes  is  illustrated  in  Fig  1 
The  top  curve  shows  a  photoconductive  trace  ob- 
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I  1G  I  Photoconducnve  spectra  with  ei  B  at  Tt  -I8K 
using  various  combinations  of  two-photon  energies 
24  u.  |  -  236  64  meV.  24  w2  -  260  56  meV.  4  a,,  +  4wj  -  253  10 
meV.  and  24«,  -  253  18  meV  The  spectrum  with  4iut  +4u»; 
was  obtained  with  two  separate  laser  beams  simultaneously 
incident  upon  the  sample 

K.j-  Y.fl.) 

tamed  from  a  single  10  48-jim  (4m,  *•  1  18  32  meV) 
laser  operating  with  a  large  peak  incident  power  of 
18  W  The  sharp  resonant  structure  is  absent,  and 
only  one-LO  phonon-assisted  cyclotron  harmonic 
transitions  within  the  conduction  band  can  be  seen  * 
The  next  trace  shows  the  resonant  structure  obtained 
with  a  single  9  20  rim  line  (4<u;  -  1 34  78  meV)  at  a 
lower  power  of  0  2  W  from  another  laser  The  two- 
beam  experimental  results  are  shown  in  the  next 
trace  where  completely  different  structure  is  seen, 
with  only  traces  of  the  structure  due  to  the  weak 
9  20  jim  laser  Clearly  this  new  structure  arises  only 
because  of  the  presence  of  the  (wo  photons  4(u,  and 
4<u;  As  a  final  check,  if  two-photon  processes  are 
the  origin  of  this  new  structure,  the  positions  are 
determined  by  +Hwj.  Consequently,  the  same 
structure  should  be  observed  with  only  one  laser,  but 
at  a  different  photon  energy  4<u)  such  that 
24 <uj  -4uj|  +4uij;  the  last  trace  shows  that  this  is  in 
fact  the  case  using  only  one  laser  operating  at  9  795 
rim  ( 24 oij  -  253.18  meV) 

The  only  other  possible  interpretation  of  these 
data,  aside  from  two-photon  absorption,  could  be  ab¬ 
sorption  of  second-harmonic  intensity  produced  when 
the  incident  radiation  is  polarized  along  a  (110)  crys¬ 
tal  axis  However,  we  have  also  observed  these  same 
resonant  effects  for  light  polarized  along  a  (100) 


axis  Consequently,  we  conclude  that  second- 
harmonic  effects  are  negligible  and  that  we  are  ob¬ 
serving  pure  two-photon  resonant  transitions. 

The  amplitude  of  the  resonant  structure,  which  is 
directly  related  to  the  number  of  photoexcited  car¬ 
riers,  was  found  to  vary  approximately  as  the  square 
of  the  intensity  This  is  additional  confirmation  of 
the  involvement  of  two-photon  absorption  The 
number  of  photoexcited  carriers  n  created  by  two- 
photon  absorption  is  given  by 

-  A2I2  -  r2n  (  n  +  n0)  .  (1) 

at 

where  .4  j  is  the  coefficient  of  two-photon  absorp¬ 
tion,'  r .  is  the  coefficient  of  quadratic  or  direct 
recombination.6  /  is  the  light  intensity  incident  on  the 
sample,  and  n0  is  the  electron  density  when  /  -  0 
For  the  small  intensities  of  our  experiments  where 
n  «  /!0.  we  then  have  for  steady  slate  n  —  (  A2/ 
r,n0)l!.  which  explains  the  observed  intensity  depen¬ 
dence  of  the  amplitude 

For  the  purpose  of  obtaining  a  value  for  A2,  we  re¬ 
peated  our  experiments  using  a  boxcar  integrator 
with  no  field  modulation  From  the  photoconductivi¬ 
ty  voltage  at  resonance  we  estimate  that  n  =  1  x  10” 
cm'1  at  a  peak  intensity  of  ~  130  W/cm2  for  a  peak 
observed  at  X  -  9  59  *im  at  B  =  1 .2  T.  Averaging 
over  a  Gaussian  intensity  distribution  and  using  a 
value  of  r;  =  1  x  10~’  cm’/sec.6  and  n0  =  9  x  10” 
cm'1,  gives  .4-0  7  cm  sec/erg2  in  reasonable  agree¬ 
ment  with  the  experimental  results  of  1  6  cmsec/erg; 
measured  by  Nguyen  et  al.'  for  the  same  line  ob¬ 
served  in  absorption  This  value  is  also  consistent 
with  their  theoretical  estimate  A  more  detailed 
analysis  of  the  intensity  will  be  published  later 

There  have  only  been  a  few  previous  observations 
of  muliiphoton  absorption  in  InSb  in  a  magnetic 
field,  first  by  Button  ft  at'  This  work  was  extended 
by  Weiler  ct  at  *  who  interpreted  the  data  using  a 
tunneling  theory  of  multiphoton  absorption’  which, 
like  the  zero-magnetic-field  theory  of  Keldysh,10  was 
later  shown  to  be  incorrect  for  two-  (or  even-)  pho¬ 
ton  absorption  11  12  Manlief  and  Pakik1'  explained 
most  of  their  experimental  results  using  the  selection 
rules  from  perturbation  theory,  which  were  later  also 
given  by  Zawadzki  and  Wlasak  4  with  the  absorption 
for  polarizations  e  II B  also  observed  and  explained  by 
Favrot  et  al  ”  Nguyen  and  co-workers'  also  ex¬ 
plained  their  observation  of  two-photon  absorption 
for  euB  with  transition  strengths  calculated  from  per¬ 
turbation  theory  using  nonparabolic  wave  functions 
The  most  recent  study  of  two-photon  absorption  in 
InSb.  in  zero  magnetic  field,  is  that  of  Pidgeon  and 
co-workers.16  who  give  references  to  other  work,  and 
show  that  a  perturbation-theory  treatment,  taking 
into  account  the  exact  nonparabolic  wave  functions 
and  neglecting  exciton  effects,  gave  good  agreement 
with  their  experimental  results  Their  conclusions 
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should  also  be  valid  for  experiments  in  a  magnetic 
field. 

Comparison  of  our  data  shown  in  Fig.  1  with  the 
two-photon  data  of  Ref  13  (Fig  1)  using  a  trans¬ 
versely  excited  atmosphere  (TEA)  CO;  laser  and  of 
Ref  5  (Fig  1)  using  a  ^-switched  CO;  laser  clearly  il¬ 
lustrates  the  high  resolution  of  our  measurements 
where  structure  is  seen  at  fields  as  low  as  —  2  kG. 
Also,  an  apparent  doublet  structure  is  resolved  in 
some  lines  which  has  not  previously  been  observed 
We  have  observed  two-photon  structure  using  a  sin¬ 
gle  laser  with  peak  incident  powers  as  low  as  14  mW 
in  a  beam  of  1.5-mm  l/e1  intensity  diameter 

Further  confirmation  of  the  identification  of  the 
resonant  structure  with  two-photon  absorption  is  pro¬ 
vided  in  Fig  2,  where  the  resonance  positions,  from 
experiments  with  a  single  laser,  are  compared  with  a 
theoretical  calculation  The  theoretical  transition  en¬ 
ergies  were  calculated  using  a  refinement17  of  the 
Pidgeon  and  Brown  8x8  model1*  with  parameters  ad¬ 
justed  to  give  excellent  agreement  with  inlerband  and 
intra-conduction-band  magneto-optical  experiments 
A  value  of  £'f  -236  6  meV  gave  the  best  overall  fit, 
with  the  other  band  parameters  as  given  in  Ref  17 
In  Ref  17  the  observed  one-photon  interband  transi¬ 
tion  peaks  were  identified  with  the  exeiton  ground 
state  associated  with  each  transition  by  reducing  the 
calculated  interband  transition  energy  by  an  approxi¬ 
mate  exeiton  binding  energy1" !n  For  comparison 
with  the  present  experiments  we  have  used  a  numeri¬ 
cal  approximation*'1  to  the  calculated  exeiton  binding 
energy  which  is  valid  for  the  range  of  magnetic  field 
values  in  Fig  2 

The  theoretical  curves  in  Fig  2  were  calculated  us¬ 
ing  the  two-photon  perturbation  theory  selection  rule 
A/i  -  0.  ±  2.'  14  15  The  positions  are  quite  different 
from  those  with  the  single-photon  selection  rule 
An  -  ±  1,  differing  essentially  by  a  hole  or  electron 
cyclotron  resonance  energy.  The  high  resolution  of 
the  present  data  provides  an  opportunity  for  identifi¬ 
cation  of  individual  two-photon  transitions,  as  op¬ 
posed  to  unresolved  groups  of  transitions  The  fact 
that  new  transitions  are  observed  is  a  general  charac¬ 
teristic  of  two-photon  spectroscopy,  and  provides  a 
further  test  and  opportunity  for  refinement  of  the 
theoretical  model 

It  is  clear  from  an  examination  of  Figs  1  and  2 
that  the  experimental  resolution  of  0  2  meV  is  suffi¬ 
cient  to  resolve  not  only  the  exeiton  ground-state 
peaks,  but  also  excited-state  peaks,  associated  with 
the  different  interband  transitions  In  Fig  2  only  the 
exeiton  ground-state  transitions  are  plotted  Al¬ 
though  the  exeiton  correction  is  quite  crude,  we  are 
satisfied  with  the  good  overall  fit  with  the  data  In 
future  work  we  will  attempt  a  better  identification  of 
the  observed  lines  using  an  improved  exeiton  correc¬ 
tion,  taking  into  account  the  possibility  of  excited  ex- 
cilon  states  This  will  also  allow  a  more  accurate 


FIG  2  Transition  energies  vs  magnetic  field  The  dots 
represent  the  experimental  data  while  the  curves  arc  the 
transition  energies  calculated  for  the  strongest  allowed  iwo- 
photon  transitions  An  -0,  ±2  We  give  below,  in  the  nota¬ 
tion  of  Ref  17.  ihe  sirongesl  transitions  corresponding  lo 
each  group  of  curves  1  o "<  2 1  —  u‘t0 1,  2 
u4(0>  —  o'lOf,  6'l  2  •  —/>'(()),  3  <i*t  -  | !,,)-( 3)  —  <j‘i  |  ) 
6*<0>  —  6<TP).  4  6*1  I  ).6~(  I  ),6“(3)  —Ml  1 1,  5 
<;*i  2)  -  uMO).  b  u*(  1  I  -url  I  ).  u"(4)  —  a'l  2), 
b-t  21  —  6‘<21.  7  u'tS)  -u‘<3l.  6~(  I  l.6~(  3  I  —  6r(  3  I. 
6*1  I  )  —  b‘t  1 ).  6*(01  —  6fi  21.  8  u"  161  —  of(4), 

6  (4)  -6f<4).  u*(  2)  —  U'  l  2).  u*(  3 )  —  ar(  1 ).  9 
./■<’>  5).  6't 3)  6*1  5)  —  Ml  >1. 

VI 2)  —  M(2>.  6*1  I  i  —6*1  31.  10  fl-<8)  — 

6  (61  -ect6l,  u*(3)  “<;■'!  31.  «  *i  4  I  -  ur( 2 1,  etc 

Fivj .  jl  A.2 

determination  of  the  band  parameters  from  this  com¬ 
plex  set  of  two-photon  data 

In  summary,  we  have  carried  out  the  first  two- 
photon  experiments  in  solids  using  only  cw  lasers  A 
new  dimension  for  two-photon  spectroscopy  has  now 
been  created  with  the  distinct  advantages  that  use  of 
cw  lasers  has  to  offer  (1)  better  long-  and  short¬ 
term  amplitude  stability  than  pulsed  lasers.  (2) 
enhancement  of  signal-to-noise  with  the  use  of 
modulation  and  lock-in  amplifier  techniques  Other 
semiconductors  with  different  band  gaps  will  un¬ 
doubtedly  be  studied  with  the  appropriate  cw  lasers  in 
the  near  future 
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High-resolution  two-photon  magnetoabsorption  (TPMA)  spectra  are  obtained  for  elB 
and  e||B  polarizations  in  the  Voigt  geometry.  The  use  of  cw  CO:  lasers  and  a  sensitive 
photoconductivity  technique  have  allowed  the  observation  of  many  new  TPMA  transi¬ 
tions.  A  modified  Pidgeon-Brown  energy-band  model,  along  with  the  usual  spherical 
two-photon  selection  rules,  explains  most  of  the  observed  transitions.  The  temperature 
dependence  of  the  energy  gap  is  deduced  from  an  analysis  of  the  TPMA  spectra  at  vari¬ 
ous  temperatures. 


I.  INTRODUCTION 

Magneto-optical  investigations  of  two-photon 
processes  are  particularly  valuable  for  studying 
nonlinear  absorption  in  semiconductors.  The  selec¬ 
tion  rules  for  two-photon  magnetoabsorption 
(TPMA)  allow  completely  different  transitions  to 
occur  than  for  one-photon  magnetoabsorption.  In 
previous  experiments  of  TPMA  in  InSb,  pulsed 
lasers  were  used  because  it  was  believed  that  high 
intensities  were  necessary  to  observe  two-photon 
transitions.  However,  we  have  recently  shown  that 
for  the  first  time  in  solids,  cw  lasers  operating  at 
even  milliwatt  powers  can  be  used  in  the  study  of 
TPMA  if  a  sensitive  enough  detection  method  like 
photoconductivity  (pc)  is  used.1  Derivative  TPMA 
spectroscopy  with  sampling  and  magnetic  field 
modulation  techniques  applied  to  the  pc  signal  fur¬ 
ther  allows  the  observation  of  weak  transitions  in 
the  TPMA  pc  spectra  that  would  otherwise  be 
unobservable 

In  this  paper  we  present  comprehensive  results 
on  the  TPMA  spectra  for  both  e'iB  and  F|  B  in 
the  Voigt  geometry  for  various  lattice  temperatures 
from  1.8  to  100  K.  Most  of  the  observed  transi¬ 
tions  are  adequately  explained  by  the  spherical 
selection  rules  As  =0.  Art  =0,  -  2,  and  a  Pidgeon- 
Brown  model  calculation  for  the  Landau-level  en¬ 
ergies.  For  the  first  time,  we  determine  a  set  of 
band  parameters  for  InSb  from  our  TPMA  experi¬ 
ments  By  observing  the  resonant  structure  at  dif¬ 
ferent  temperatures,  we  determine  the  variation  of 
the  energy  gap  with  lattice  temperature  and  com¬ 
pare  it  to  previous  experiments  and  theoretical  re¬ 


sults.  From  measurements  of  the  number  of  two- 
photon-produced  earners  as  a  function  of  laser  in¬ 
tensity,  we  estimate  TPMA  coefficients  for  some 
of  the  stronger  transitions.  To  our  knowledge  this 
is  the  first  time  that  TPMA  coefficients  have  been 
calculated  from  magnetophotoconductivity  ex  pen  - 
ments. 

The  first  TPMA  experiments  in  InSb  were  ear¬ 
ned  out  by  Button  el  al:  using  a  (2-switched  C02 
laser  simultaneously  oscillating  on  two  lines.  They 
observed  resonant  structure  in  the  photoconductivi¬ 
ty  caused  by  two-photon  absorption  between  Lan¬ 
dau  levels  in  the  valence  and  conduction  bands. 
Zawadzki,  Hanamura,  and  Lax3  were  the  first  to 
develop  a  set  of  two-photon  selection  rules  using  a 
time-dependent  perturbation-theory  approach. 

Later,  Weiler  et  al  *  extended  Keldysh’s5  tunneling 
theory  to  the  magnetic  field  case  to  try  to  explain 
the  observed6  polarization  dependence  (elB  and 
c | IB).  However,  this  theory  was  later  found  to  be 
incorrect  for  two-  (or  even-)  photon  absorption  and 
was  shown  to  reduce  to  the  perturbation-theory  re¬ 
sult  ’  *  Perturbation  theory  was  again  used  by  Bas- 
sani  and  Girlanda6  to  calculate  explicit  expressions 
for  the  two-photon  transition  rate  in  a  magnetic 
field  TPMA  experiments  on  InSb  were  continued 
by  Nguyen  and  Stmad10  and  Nguyen  et  al.u  who 
studied  the  absorption  by  free  holes  created  by  the 
two-photon  processes  using  a  ^switched  COj  laser 
pulse.  Both  linearly  polarized  light  with  e||B  and 
elB  and  left  ( oL  )  and  right  (cr*  1  circularly  polar¬ 
ized  light  were  used.  They  compared  the  experi¬ 
mental  absorption  strengths  of  the  two-photon 
transitions  for  elB  (o L  ,oR  ,oL  +  oR  )  with  a 
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theoretical  calculation  based  on  the  perturbation- 
theory  approach  and  found  reasonably  good  agree¬ 
ment.  However,  only  a  small  number  of  transi¬ 
tions  were  observed  and  only  one-photon  energy 
was  used.  Manlief  and  Palik12  extended  the 
TPMA  experiments  to  investigate  the  differences 
between  the  light  polarizations  eiB  and  e||B  in 
the  Voigt  configuration.  The  light  source  was  a 
transversely  excited  atmospheric  (TEA)  CO;  laser 
with  an  intracavity  grating  which  allowed  the 
photon-energy  dependence  of  the  TPM/,  transition 
to  be  studied.  Their  use  of  the  photoconductivity 
technique  enabled  more  transitions  to  be  observed 
than  were  found  by  Nguyen  et  al.  However,  their 
transition  assignments  were  somewhat  ambiguous 
because  of  the  uncertainty  of  both  their  measure¬ 
ments  and  the  one-photon-interband  Landau- 
energy  data  that  was  used  to  obtain  the  transition 
energies  for  their  two-photon  case.  Nevertheless, 
they  found  several  transitions  in  their  studies 
which  were  not  adequately  explained  by  the  usual 
spherical  selection  rules  obtained  from  ordinary 
perturbation  theory.  In  this  paper  we  give  transi¬ 
tion  assignments  that  are  more  unambiguous  be¬ 
cause  ( 1 )  the  higher  resolution  of  our  data  allows 
more  transitions  to  be  seen,  and  (2)  the  data  are 
compared  with  two-photon  transition  energies  ac¬ 
tually  calculated  from  a  Pidgeon-Brown  model 
with  band  parameters  adjusted  to  give  a  best  fit . 

Selection  rules  are  extremely  important  for  a 
good  description  of  the  two-photon  magnetoab¬ 
sorption  process.  The  most  complete  summary  of 
the  two-photon  selection  rules  for  the  different 
light  polarizations  iaL,  aR,  a,  and  rr)  was  given  by 
Zawadzki  and  Wlasak,  but  only  for  the  case  of 
B|  |[001  ].u  Extra  transitions  were  shown  to  occur 
because  of  warping  and  inversion-asymmetry  ef¬ 
fects.  In  this  paper  we  give  more  complete  two- 
photon  selection  rules  for  the  different  light  polari¬ 
zations  and  for  B||[lll]  and  [110]  directions,  as 
well  as  the  [001]  direction. 

II.  EXPERIMENT 

The  samples  of  high-purity  n-InSb  (  ~9x  10n 
cm-3)  were  mounted  in  the  Voigt  configuration 
with  the  current  parallel  to  the  magnetic  field  B 
and  B  parallel  to  [1 10]  [100]  and  [111]  crystallo¬ 
graphic  directions.  Light  from  a  grating-tunable 
cw  CO;  laser  was  mechanically  chopped  by  a  ro¬ 
tating  slotted  wheel  to  produce  optical  pulses  of 
approximately  20-/xsec  width  at  a  repetition  rate  of 
POO  Hz.  This  minimized  heating  of  the  sample 
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which  was  either  immersed  in  liquid  helium  or  sur¬ 
rounded  by  flowing  helium  gas  for  the  higher  tem¬ 
perature  measurements.  To  vary  the  intensity  of 
the  laser  we  placed  CaF;  attenuators  in  the  beam 
path.  Beam  profile  measurements  at  the  sample 
location  showed  that  the  beam  was  Gaussian  with 
a  typical  1  /e  intensity  diameter  of  approximately 
0.5  mm.  A  boxcar  integrator  was  used  to  measure 
directly  the  photoconduct  ive  voltage,  which  at  low 
powers  is  related  to  the  number  of  two-photon- 
produced  photocarritrs.  Field  positions,  ampli¬ 
tudes,  and  line  widths  can  then  be  directly  mea¬ 
sured  and  studied  as  a  function  of  laser  intensity, 
lattice  temperature,  etc.  The  addition  of  modula¬ 
tion  techniques  significantly  improves  the  sensitivi¬ 
ty  and  resolution  of  photoconductivity  experiments 
allowing  a  more  accurate  determination  of  the 
resonant  field  positions  and  resolution  of  weak 
structure. 

A  variation  of  the  sampling  and  magnetic  field 
modulation  technique  developed  by  Kahlert  and 
Seiler,14  for  hot-electron  quantum  transport  mea¬ 
surements  is  used  to  improve  greatly  the  signal-to- 
noise  ratio  in  photoconductivity  measurements.  A 
constant  dc  electrical  current  is  applied  to  the  sam¬ 
ple  while  an  ac  magnetic  field  Bm  of  amplitude  up 
to  200  G  modulates  the  sample  conductivity  at  a 
freqency  of  43  Hz.  The  photoconductive  signal 
produced  by  the  laser  pulse  and  the  field  modula¬ 
tion  is  amplified  by  a  high-impedance  differential 
amplifier,  the  output  of  which  is  connected  to  a 
sampling  oscilloscope  and  lock-in  amplifier  com¬ 
bination. 

In  Fig.  1  we  demonstrate  how  powerful  the 
photoresistance-denvative  technique  is  by  compar¬ 
ing  traces  obtained  with  the  sampling  oscilloscope 
and  lock-in  amplifier  combination  ( d2R/dB 2, 
dR  / dB )  to  that  obtained  with  a  boxcar  averager 
{R).  As  can  be  seen,  the  TPMA  structure  in  the 
d2R  / dB 2  trace  is  much  sharper  and  more  pro¬ 
nounced  than  in  the  R  trace,  making  determination 
of  magnetic  field  positions  for  the  transitions  not 
only  easier  but  more  accurate.  The  field  positions 
of  the  resonant  structure  are  not  changed  by  the 
modulation  technique.  In  addition,  and  most  im¬ 
portantly,  the  second-derivative  technique  is  able  to 
resolve  very  weak  structure  that  is  marginally  or 
not  at  all  observable  in  the  R  trace  (note  the  dotted 
lines'.  This  is  one  reason  we  are  able  to  observe 
more  TPMA  transitions  than  have  previously  been 
reported.  The  use  of  stable  cw  lasers  also  reduces 
the  pulse-to-pulse  amplitude  variation  usually 
present  from  pulsed  lasers.  The  resulting  enhanced 
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FIG  1.  Companson  of  TPMA  data  using  our  high- 
resolution  technique  and  that  obtained  with  a  boxcar 
averager.  The  d2R  / dB 1  and  dR  / dB  curves  are  the 
second  and  first  derivative  of  the  magnetophotoresis- 
lance  R  with  respect  to  magnetic  field  B  using  the  sam¬ 
pling  and  magnetic-field  modulation  system.  R  is  the 
magnet ophotoresistance  of  the  sample  obtained  with  a 
boxcar  averager  commonly  used  on  other  experiments. 
The  clashed  lines  point  to  weak  transitions  in  d2R/dB2 
not  found  in  the  R  traces.  ( Bm  =200  G.) 

Fig  Y.A.3 

signal-to-noise  ratio  thus  allows  more  TPMA  tran¬ 
sitions  to  be  seen  at  low  fields  where  the  TPMA 
transition  strength  is  weak. 


III.  RESULTS 
A.  Transition  energies 

An  interesting  aspect  of  two-photon  magnetoab- 
sorption  and  one  that  has  been  the  subject  of  much 
controversy  is  the  effect  of  different  polarizations 
of  the  light  on  the  TPMA  spectra.  Such  effects 
are  a  consequence  of  the  selection  rules,  which  are 
different  for  different  polarizations.  In  Fig.  2(a) 
the  resonant  structure  caused  by  the  polarizations 
e'iB  and  e||B  in  the  Voigt  configuration  is  shown. 
The  structure  is  labeled  with  numbers  correspond¬ 
ing  to  distinct  sets  of  transitions.  Two  major  ob¬ 
servations  about  these  transitions  are  apparent  .  (1) 
those  for  el;B  are  much  weaker  than  those  for 
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FIG.  2.  la)  Companson  of  TPMA  structure  for  ejjB 
and  elB  with  Bm  =  200  G.  (b)  Increased  resolution  of 
structure  for  elB  using  Bm  =  50  G. 

F,  0.  XFi  ^ 

elB  and  (2)  for  elB,  more  complex  structure  is 
seen.  Previous  studies10,  l:  of  TPMA  with  pulsed 
lasers  also  showed  this.  The  complexity  of  the 
elB  structure  is  much  more  evident  in  Fig.  2(b) 
where  a  lower  modulation  field  G  results 

in  small  resonant  amplitudes  but  allows  resolution 
of  fine  structure  down  to  very  low  magnetic  fields. 
For  example,  we  have  complete  resolution  of  a 
"double  nature”  to  lines  19,20,22,23,25  —  32,  while 
evidence  for  doublets  from  the  line  shape  can  still 
be  seen  in  lines  33  -  35.  Previous  TPMA  experi¬ 
ments  did  not  have  the  resolution  to  detect  this  na¬ 
ture  of  the  actual  TPMA  structure. 

In  Table  I  we  have  listed  the  two-photon  magne¬ 
toabsorption  selection  rules  derived  from  the  usual 
spherical  approximation  and  additional  selection 
rules  which  are  allowed  because  of  warping  and 
inversion-asymmetry  effects.  We  have  included 
the  selection  rules  for  the  case  of  B||[  1 1 1  ]  and 
Blj[  1 10]  by  extending  the  one-photon  selection 
rules  of  Weiler  et  al .l!  to  the  two-photon  absorp¬ 
tion  case  Transitions  within  the  a  and  b  set  of 
solutions  are  denoted  by  As  =0.  while  As  =  —  1 
denotes  transitions  from  a  to  b  and  As  =  4- 1,  b  to 
12  Also  given  is  the  corresponding  change  in 
Landau-level  number  A n  from  the  initial  valence- 
band  state  to  the  final  conduction-band  state  using 
the  unrenumbered  valence-band-state  notation.  In 
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"Table  T  A  1 

TABLE  1.  selection  rules  for  two-photon  transitions  in  /inc-hlendc  semiconductors,  tor  a  magnetic  field  B  [1X11 ). 
[110),  and  [111]  crystal  axes,  both  allowed  (4)  and  induced  by  warping  i  B  i  and  inversion  assmmetrs  / 
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agreement  with  the  data  (1)  the  spherical  approxi¬ 
mation  rules  predict  more  transitions  for  e’iB  than 
for  e||B  and  (2)  some  of  the  transitions  should  be 
the  same  for  both  light  polarizations  (i.e., 

An  =0,As  =0). 

Quantitative  results  of  transition  energies  (twice 
the  photon  energy)  versus  resonant  magnetic  Jleld 
positions  are  shown  in  Fig.  3  for  both  (a)  elB  and 
(b)  e|JB  along  with  theoretically  calculated  results 
with  B|  |[  1 10).  There  are  many  more  transitions 
plotted  than  have  been  found  from  the  earlier  stud¬ 
ies  using  pulsed  lasers.2610-'2  We  have  added 
several  weaker  transitions  to  the  elB  set  reported 
earlier  by  us.1  In  Table  II,  we  give  the  theoretical 
assignments  of  the  intial  and  final  states  to  the  ex¬ 
perimentally  observed  two-photon  transitions.  The 
experimental  positions  of  our  two-photon  structure 
are  in  good  agreement  with  those  published  in 
Refs.  10-12.  In  addition,  it  is  interesting  to  note 
that  our  identification  of  the  transitions  4,  5,  7,  9, 
10,  12.  13.  and  20  is  the  same  as  that  in  Refs.  10 
and  1 1,  whereas  the  identification  in  Ref.  12  is  the 
same  for  only  transitions  4,  7.  10,  11,  and  15  The 
Landau  levels  were  calculated  from  an  8  X  8 
Pidgeon-Brown  model  which  includes  only  the 
warping  terms  in  the  diagonal  part  of  the  Hamil¬ 
tonian  and  no  inversion  asymmetry  terms.1’  16 
Transitions  involved  in  magnetoabsorption  experi¬ 
ments  are  usually  considered  as  being  to  exciton 
levels  rather  than  being  between  the  Landau  levels. 


However,  there  is  at  present  no  adequate  exciton 
theory  for  TPMA  in  semiconductors  with  complex 
coupled  energy  bands.  In  our  earlier  approach1  we 
reduced  the  calculated  interband  transition  energy 
by  an  approximate  exciton  ground-state  binding 
energy.  This  is  the  standard  exciton  correction 
used  in  one-photon  spectroscopy.  Here  we  adopt 
the  approach  of  not  correcting  for  exciton  effects 
and  of  treating  the  Landau-level  theory  as  accu¬ 
rately  as  possible  in  calculating  transition  energies 
We  then  look  for  differences  between  the  calculat¬ 
ed  and  observed  energies  for  the  lowest  transitions 
where  exciton  effects  should  be  most  important. 
The  theortically  calculated  solid  lines  shown  in  Fig. 
3  result  from  using  only  the  spherical  selection 
rules  given  in  Table  I  It  appears  that  most  of  the 
experimental  data  can  be  adequately  described  (but 
with  a  new  set  of  band  parameters)  with  these  rules 
without  using  exciton  corrections  even  for  the 
low-energy  high-field  transitions.  A  good  fit  of 
these  theoretical  transitions  to  the  data  results 
from  using  the  following  band  parameters: 

E,  =  235.2  meV,  £,  =  23.0  eV,  A  =0.803  eV, 
y,  =  3.0.  y,=  -0.2,  y,=  1.0.  «  =  -  1.2,  q  =0.55, 

£=  -0.5,  and  JV,  =  —  0.4.  No  attempt  was  made 
to  determine  a  value  of  A  from  our  two-photon 
data.  Instead  we  have  used  the  stress-modulated 
magnetoreflectance  results  of  A  =0.803  +0.005  eV 
obtained  by  Aggarwal.11  Our  results  for  the  rest  of 
the  band  parameters  are  compared  in  Table  III 
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FIG  3  a1  Fan  chart  of  TPMA  transition  energies 
'  rlB  [  1 10] i.  Solid  lines  represent  theoretical  calcula¬ 
tions  with  selection  rules  \s  =0,  An  =0.  t*  Dotted 
lines  used  other  selection  rules  explained  in  the  text 
Dots  are  the  data  ibi  Fan  chart  for  e  B 
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with  previously  published  one-photon  results  of 
Gnsar  et  al.,n  Ranvaud  el  Weiler.20  Pidgeon 
and  Brown,"'  and  Pidgeon  and  Groves."1  We  have 
used  this  same  set  of  parameters  in  also  fitting 
intra-conduction-band  (combined  resonance,  cyclo¬ 
tron  resonance,  and  LO  phonon-assisted  reso¬ 
nances)"’  and  intra-valence-band  (both  bound  and 
free-hole  transitions)21  data  An  excellent  fit  in 
both  cases  is  achieved 

Additional  weaker  structure  labeled  1 1  .A >.  (tv. 
'17,18).  and  < 24 >  in  Fig  3  appears  not  to  be  ex¬ 


plainable  by  the  spherical  selection  rules  We  find 
that  lines  1,3  may  be  explained  by  spin-flip  1 1 ansi 
tions  b  ~( 1 '  ~*ac(  0>  (A.?  «-  1 .  An  =  -  1  ■  and 

b  *  (  -  1 )  -*ac(0)  ( As  =  +  1.  An  =  -r  1 1.  These  are 
shown  by  the  dashed  lines  in  Fig  3  According  to 
Table  I  these  transitions  are  allowed  because  of 
inversion-asymmetry  effects  but  only  lor  I)  [  Ilk)) 
or  (111).  Transition  6  was  also  observed  by  Man- 
lief  and  Palik  for  B  [  1 00  ]  at  higher  magnetic 
fields  and  higher  photon  energies  and  was  identi¬ 
fied  with  an  a  * < 0 )  +br< (b  (As  -  I.  An  =0)  tran¬ 
sition.  Using  this  transition  we  calculate  an  addi¬ 
tional  line  passing  exactly  through  our  data  points 
in  set  6  (as  shown  by  the  dashed  line'  confirming 
this  identification.  Transitions  in  set  17,  18,  and 
24  have  not  been  previously  reported.  They  are 
very  weak  resonances  which  can  only  be  observed 
using  the  modulation  technique.  Our  calculations 
support  the  identification  for  an  a  *121  —  bUO) 
transition  with  As  --  -  1  and  An  -  -  2  for  17  and 
u  *(  1 1-- »bc(  1 )  and  a  *(  2  1  •/>''(  2 )  transitions  with 
As  =  —  1  and  An  -0  for  18  and  24,  respectively. 
According  to  Table  I  As  ---  —  1,  An  =0  transitions 
can  occur  for  B  [111]  because  of  warping  effects. 
However,  these  transitions  are  also  present  for 
B  [  100]  and  [1 10]  is  not  presently  understood 


B.  Effect  of  lattice  temperature 

TPMA  experiments  provide  an  accurate  means 
of  determining  the  variation  of  the  fundamental 
energy  gap  Eg  with  lattice  temperature  TL.  Figure 
4  shows  how  the  TPMA  spectra  at  A.  =  9. 33  gim  is 
affected  by  increasing  T L  for  TL  <  100  K  The 
shift  in  magnetic  field  positions  of  the  resonant 
structure  is  quite  noticeable  for  TL  >  30  K.  and  is 
directly  related  to  the  decrease  in  energy  gap  with 
increasing  temperature.  At  each  value  of  Ti,  fan 
charts  of  transition  energies  versus  magnetic  field 
were  determined  and  analyzed  assuming  that  all 
parameters  except  Eg  were  constant.  The  results 
are  shown  in  Fig  3  where  a  comparison  with 
theoretical  calculations  of  Tsay  el  ai2*  and 
Camassel  and  Auvergne2'  is  also  given.  These 
theoretical  results  were  normalized  to  our  experi¬ 
mental  band  gap  of  235.2  meV  at  TL  <  10  K.  Also 
shown  arc  the  experimental  results  of  Roberts  and 
Qua^^ngton'’,’  and  Auvergne  et  a!.2  There  is  good 
agreement  between  our  data  and  the  results  of 
C  ammassel  and  Auvergne  who  directly  calculated 
the  temperature  dependence  using  a  pseudopoten- 
tial  approach.  With  increasing  T,  one  increases 
both  the  lattice  constant  and  the  electron-phonon 
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TABLE  II.  Theoretical  two-photon  transition  assignments  for  each  distinct  experimental¬ 
ly  observed  series  of  resonant  structure  in  the  photoconductivity  for  FIB  polarization  in  the 
Voigt  geometry.  The  •  marks  indicate  those  transitions  which  can  only  be  explained  by  the 


nonspherical  or  extra  transitions. 

Experimental 
transition  no. 

Theoretical 

assignment 

Experimental 
transition  no. 

Theoretical 

assignment 

*1.3 

a  '( 1 )  ac(0) 

20 

6*(0)  i>c(2) 

a  *(  —  1 1  ac(0'i 

21 

a  *(3)  ac(  1 1 

fc  ~l2)  afl0) 

22 

a  ‘  1 6 )  a  c(  4 1 

b'(  1)  a‘(0) 

a -12)  ar(2 ) 

b*(  —  1)  a *■( 0 > 

23 

b  '(6i  6f(4) 

2 

a  '  (2)  ar(0> 

*24 

a  *12)  6r(2) 

4 

a  *(01  a‘(0» 

25 

a  "  t 7  ac(5) 

5 

b  ~ 1 2  >  h'lOt 

6  *  ( 2 )  6C!  2 ) 

*6 

a*'0‘  6‘(0> 

26 

6  *(  1)  6C(31 

7 

a*t-l)ac(l) 

27 

a  * (4)  at(2) 

8 

a'IDa'di 

28 

a  '  ( 8 )  a  c(  6 1 

9 

2>*(0)  b‘i 01 

a  *  ( 3 '  a  fl  3 ) 

10 

a  ~  <  3  1  a  f(  1  i 

29 

a  '(9/  ac(7) 

1 1 

b  'i  1)  bU  Ii 

h  *(31  b‘  13) 

12 

6  *  <  -  1 1  fc  *■(  1 1 

30 

h  *(2i  6ct4l 

13 

b  'i3i  b'<.\) 

31 

a  * ( 5 )  ac(3l 

14 

a  *  1 2 '  ac(0i 

32 

a  '( 10)  a c( 8 ) 

15 

a  ~ 1 4 )  af(2i 

a  * (4 )  a'i  4) 

a*ll'  a '111 

33 

6  * 1 3 )  bH  5) 

16 

6 '(4i  b‘ 1 2) 

a  -(11)  ac(9) 

*17 

a  *<  2»  b‘< O' 

b  *(4)  f>c(4) 

a  ;  4 1  b‘<  2  i 

34 

a  * !  6)  o‘l4) 

*18 

a  ‘  1 1 )  6‘(  1 1 

a  ‘  ( 12'  a'(  10) 

a  ‘(0)  6 f 1 2 1 

a  *(5)  af(5) 

2>*(2>  6f(0' 

35 

**t 4)  6C(6) 

19 

a  '(3)  ac(3> 

a  '(13)  a[(ll) 

6  *(  1 1  2>'(  1 ) 

A  *  ( 5  ■  6r(  5 1 

1  zx  bl  e  J?  ^  3 

TABLE  HI  Energy-band  parameter  sets  for  InSb  from  various  experiments. 


Parameter 

Gnsar 
et  a/. 

(Ref.  18) 

Ranvaud 
ef  a/. 

'Ref.  1 9 1 

Weiler 

•  Ref.  20' 

Pidgeon 
and  Brown 
(Ref  16) 

Ptdgeon 
and  Groves 
(Ref  2D 

This  paper 

E,  leV) 

0.2355 

0.235 

0  2329 

0.2355 

0.2366 

0  2352 

±00005 

E,  teV) 

21.6 

26.1 

23.5±0  5 

21.9 

21.2 

23.0 

ri 

0.5 

3.1 

3.4 

1.5 

3.6 

3.0 

Yi 

-10 

-0.4 

-0  3 

-  1.2 

-0.5 

-0.2 

Y> 

0.1 

0.7 

0.9 

-0  1 

0.7 

1.0 

Yj-Yi 

-  11 

-  II 

-  1.2 

-  1.1 

-  1.2 

-  1.2 

K 

-1.4 

-1.5 

-1.2 

-2.1 

—  1  47 

-  12 

9 

0 

0  39 

0 

0 

0.39 

0.55 

N, 

0 

0 

-0.3 

0 

0 

-0.4 

F 

0 

0 

-  1.0 

0 

0 

-0.5 
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FIG.  4  Temperature  dependence  of  TPMA  structure 
for  A  =  9. 33  /im. 
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FIG  S  Plot  of  energy  gap  vs  temperature  from  our 
IPMA  measurements  and  other  results.  The  lines  are 
theoretical  calculations  of  Tsay  el  a!  (Ref  24)  and  of 
Cammassel  and  Auvergne  (Ref  2 5 1  normalized  to 
F.,  -2.1?  2  meV. 

f.yi'n 


interaction  Their  contributions  to  the  gap  change 
are  of  opposite  sign  leading  to  only  slight  decreases 
in  band  gap  for  TL  <  25  K..  The  gap  at  77  K  is 
thus  approximately  230  meV. 


C.  Intensity  dependence 

Figure  6  shows  the  TPMA  structure  for  the 
"low-intensity"  case  using  a  cw  CO;  laser  and  for 
that  obtained  using  a  rotating  mirror  ^-switched 
C02  laser  operating  at  200  Hz  with  a  pulsewidth 
of  full  width  at  half  maximum  of  100  nsec.  There 
is  good  agreement  between  the  observed  structures. 
Since  no  additional  structure  is  observed  in  the  ro¬ 
tating  mirror  case,  one  concludes  that  this  is  addi¬ 
tional  confirmation  of  the  correct  identification  of 
the  cw  laser-induced  structure  as  indeed  arising 
from  TPMA  effects.  It  is  also  apparent  that  in  the 
cw  case  we  have  really  reached  the  "high-intensity” 
limit  where  TPMA  effects  can  be  observed  at  rath¬ 
er  low  powers. 

Two-phonon  absorption  is  a  nonlinear  process 
which  has  a  nonlinear  dependence  on  the  incident 
intensity.  The  two-photon  absorption  coefficient 
which  is  a  parameter  of  the  semiconductor  and 
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FIG  6  TPMA  structure  obtained  with  a  ^-switched 
CO?  laser  (top  3  traeesi  and  with  a  cw  CO?  laser  for 
A  -  9. 55  jim 
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describes  the  rate  of  two-photon-produced  free  ear¬ 
ners.  has  been  the  subject  of  intense  experimental 
studies. 28-3,4  However,  these  results  are  not  con¬ 
sistent.  For  this  reason  we  have  determined  two- 
photon  absorption  coefficients  for  some  of  the 
stronger  transitions  in  our  pc  data. 

The  standard  approach  for  describing  the  rate  of 
two-photon-generated  carriers  is  to  assume  that  an 
electron  in  the  valence  band  is  excited  into  the  con¬ 
duction  band  via  two-photon  absorption  and  then 
decays  by  the  bimoleculai  process  of  radiative 
recombination.  A  suitable  rate  equation  can  then 
be  written 

—  =  — — /2  — rn(n +n0)  , 
dl  2ha> 


where  n  is  the  photon-created  carnet  density,  K, 
the  two-photon  magnetoabsorption  coefficient,  fuo 
the  photon  energy,  1  the  incident  intensity,  r  the 
recombination  rate,  and  nQ  the  equilibrium  earner 
density  without  light.  The  time  duration  of  our 
optical  pulses  is  sufficiently  long  enough  (20  psec) 
that  a  steady  state  occurs  at  the  tune  of  our  mea¬ 
surements,  usually  10  jrsec  after  the  beginning  of 
the  pulse.  For  steady  state  dn  /dl  =0,  simplifying 
Eq.  ill  tremendously.  For  the  low  laser  intensities 
(  <,  200  W/cm2)  of  our  study  the  photon-created 
earner  density  n  is  small  (i.e.,  n  Wlth 

these  assumptions  Eq.  (I)  is  reduced  to  the  follow¬ 
ing 


2fiu>rng 


<2! 


seen  to  vary  approximately  as  in  agreement  with 
Eq.  (2)  At  higher  intensities  the  amplitude  of  the 
resonant  structure  is  observed  to  depart  significant¬ 
ly  from  a  square-law  behavior  because  of  hot- 
electron  and  free-hole  absorption  effects.  Also 
plotted  in  Fig.  7  is  a  fit  of  Eq  (2)  to  the  data  using 
K 2  as  an  adjustable  parameter.  The  value  of  the 
other  parameters  are  =  128.  14  meV,  r  =  1 
'•  10  v  cm  Vsec, "  n,,  9  \  lO’  cm  ',  giving  a 

value  of  Ay  of  5  6  tm/MW  For  the  same  transi¬ 
tion  above  at  a  slightly  higher  magnitude  field 
1 1.92  T)  and  higher  photon  energy  (129.8  meVi 
Nguyen  et  al.u>  obtained  a  value  for  A:  of  16.6 
cm/MW.  Their  somewhat  larger  value  of  A',  is 
partly  due  to  that  fact  that  a  higher  magnetic  field 
will  increase  the  magnitude  of  A';  for  a  particular 
transition.  However,  it  must  be  pointed  out  that 
our  A,  is  sensitive  to  a  proper  choice  of  the  recom¬ 
bination  rate  r.  Another  problem  that  arises  when 
trying  to  extract  information  about  an  individual 
transition  is  that  a  minimum  in  the  structure  may 
actually  be  a  combination  of  two  or  more  transi¬ 
tions.  The  large  number  of  transitions  (theory  and 
experiment i  evident  in  Fig  3  certainly  seem  to  in¬ 
dicate  this.  Therefore.  A  -  was  calculated  and  mea¬ 
sured  only  for  a  strong  transition  which  was 
minimally  influenced  by  a  presence  of  other 
closely-spaced  weak  transitions 

IV  CONCLUSIONS 

High-resolution  TPM  A  spectra  in  InSb  for  eiB 
and  e;IB  polarizations  in  the  Voigt  geometry  have 
been  investigated  using  cw  CO;  lasers.  A  highly 


which  shows  that  the  number  of  free  earners  pro¬ 
duced  by  TPMA  is  proportional  to  I1  Also  con¬ 
sidered  in  many  TPMA  expenments  is  the  de¬ 
pletion  of  the  laser  intensity  as  it  propagates 
through  the  crystal.  For  our  sample  thickness  of 
approximately  100  micrometers  we  estimate  that 
the  change  in  intensity  of  the  beam  from  the  front 
to  the  back  surface  is  roughly  0.01°;  for  the 
highest  intensities  reported  here  We  therefore 
neglect  the  change  in  intensity  of  the  laser  beam 
and  assume  a  uniform  constant  Gaussian  optica! 
flux  throughout  the  sample 

In  Fig.  7  we  have  plotted  n  vs  /:  for  five  dif¬ 
ferent  laser  intensities  for  the  strong  transition  la¬ 
beled  12  <  e!B>  of  Fig  3.  Assuming  a  negligible 
change  in  mobility,  the  photocreated  earner  densi¬ 
ties  were  determined  from  the  amplitude  of  the 
resonant  resistance  structure  obtained  with  a  box¬ 
car  averager  tan  example  of  the  structure  for  a  dif¬ 
ferent  wavelength  is  trace  R  of  Fig  1  Thus  n  is 
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FIG  7  Two-photon-produccd  frec-camer  density  as 
a  function  of  intensity  for  transition  12.  The  line 
represents  the  sanation  of  Fq  21  with  A;  =  5.7 
cm 1  MW 
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sensitive  photoconductivity  technique  in  conjuction 
with  a  stable  cw  laser  have  allowed  the  observation 
of  many  new  TPMA  transitions.  Previous  TPMA 
experiments  have  not  been  able  to  show  how  com¬ 
plicated  the  two-photon  spectra  really  is.  Many  of 
the  previously  observed  transitions  are  shown  to  be 
combinations  of  two  or  more  transitions.  A  min¬ 
imum  of  42  distinct  transitions  are  observed  and 
identified  for  elB,  most  of  which  can  be  explained 
by  the  usual  spherical  two-photon  selection  rules 
\r:  0,  •  2,  As  =0.  For  e;  B  the  structure  is  less 

complicated  and  can  be  explained  by  the  spherical 
rule  A n  =  0,  As  =0  A  modified  Pidgeon-Brown 
energy-band  model,  along  with  these  spherical 
selection  rules  explain  most  of  the  observed  transi¬ 
tions  using  the  following  set  of  band  parameters: 

E,  =235.2  meV,  Ep=  23.0  eV,  A=0.803  eV, 

,  =3  0.  >,=  -0.2,  y,=  1.0,  k=  -  1.2,  F=  -0.5, 
9=0.55,  and  .V,  =  -0.4.  Additional  weaker 
TPMA  transitions  appear  to  result  from  warping 
and  inversion-asymmetry  effects  The  variation  of 
the  fundamental  energy  gap  with  lattice  tempera¬ 
ture  is  deduced  from  an  analysis  of  the 
temperature-dependent  TPMA  spectra.  Our  results 
give  a  gap  of  -  230  meV  at  77  K  and  compare 


favorably  with  the  pseudopotential  calculations  of 
Camassel  and  Auvergne  At  low  intensities  the 
number  of  photoexcited  electrons  varies  approxi¬ 
mately  as  the  square  of  the  incident  intensity,  as 
predicted  by  a  simple  rate  equation  model 

Sole  added  in  proof  Band  gap  renormalization 
caused  by  many-body  effects  of  the  laser-created 
electron-hole  p'asma  would  be  expected  to  decrease 
the  energy  gap.  The  amount  of  decrease  depends 
upon  the  laser  intensity  which  also  controls  the 
number  of  electron-hole  pairs  However,  the  mag¬ 
netic  field  positions  of  tin-  resonances  shown  in 
Fig.  6  do  not  appear  to  shift  even  at  the  high  in¬ 
tensities  from  the  ^-switched  laser  Thus  the 
band-gap  change  with  these  high  intensities  must 
be  much  less  than  I  meV  Recently  Koch  el  al 
calculated  the  change  in  band  gap  as  a  function  of 
electron-hole  pair  density  for  lnSb.  Since  the  num¬ 
ber  of  created  electron-hole  pairs  at  the  large  inten¬ 
sities  is  estimated  to  be  at  least  !014-  101'  cm  ~  5 
their  results  indicate  a  much  larger  band-gap  re¬ 
normalization  effect  when  we  observe  (at  I01' 
cm  1  their  calculated  decrease  is  approximately  2.5 
meVl 
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ABSTRACT 


High  resolution  two-photon  magneto-absorption  (TPMA)  spectra  for  n-InSb  nave 
been  investigated  for  magnetic  fields  up  to  15  T  using  cw  CO2  lasers  and  photocon¬ 
ductivity  techniques.  A  modified  Pidgeon-Brown  energy  band  model  using  spherical 
and  n  /nspher*  il  selection  rules  is  used  to  interpret  th»*  data.  Anisotropic 
effects  are  observed  for  the  first  time  in  the  TPMA  pnotoconduct ive  spectra.  TPMA 
structure  is  also  observed  for  the  first  time  in  the  photovoltaic  response. 


INTRODUCTION 


Magneto-optical  studies  have  proven  capable  of  determining  energy  band 
parameters  of  semiconductors  because  of  the  optical  transitions  that  occur  between 
magnetically  quantized  electronic  or  impurity  states.  Many  studies  during  the  past 
30  years  have  used  one-photon  absorption  (OPA)  techniques  with  conventional  photon 
sources.  However,  the  increasing  availability  of  laser  sources  now  opens  the 
possibility  of  carrying  out  nonlinear  magneto-optical  studies  in  semiconductors. 
In  particular,  two-photon  absorption  (TPA)  techniques  offer  unique  spectroscopic 
advantages  over  the  traditional  OPA  techniques.  TPA  has  a  small  cross  section  for 
absorption  in  many  semiconductors  and  therefore  has  a  large  penetration  depth 
resulting  in  uniform  bulk  absorption.  This  reduces  problems  associated  with  sur¬ 
face  effects  often  encountered  in  OPA  measurements  (OPA  ha3  a  large  absorption 
cross  section  and  thus  a  small  penetration  depth,  usually  on  the  order  of  a 
micron).  Another  advantage  of  TPA  is  that  different  states  of  the  energy  bands  can 
be  accessed.  For  an  applied  magnetic  field  not  only  different  but  more  selection 
rules  between  Landau  levels  are  allowed.  Thus,  TPA  and  TPMA  (two-photon  magneto- 
absorption)  measurements  can  yield  significantly  more  information  about  the  eigen¬ 
states  of  a  material.  Recently*,  we  have  shown  that  TPMA  is  easily  observable  in 
n-InSb  using  only  cw  CO^  laserB  operating  at  even  milliwatt  powers.  This  result 
opens  up  a  new  dimension  for  two-photon  spectroscopy  using  cw  lasers  only. 

Two-photon  absorption  experiments  on  InSb  divide  basically  into  two 
categories;  those  without  an  applied  magnetic  field  and  those  with  an  applied 
magnetic  field.  Although  TPA  in  a  magnetic  field  is  the  main  subject  of  this  paper 
much  of  the  concepts  and  theories  developed  for  the  no  magnetic  field  case  are 
extremely  relevant. 

The  purpose  of  this  investigation  was  to  examine  the  TPMA  process  In  more 
detail  than  has  previously  been  possible  (The  historical  background  on  TPHA  effects 
in  InFb  was  recently  reviewed  by  Goodwin  et  al.^).  With  high  resolution  experi¬ 
mental  techniques  many  transitions  in  the  TPMA  spectra  have  been  observed.  In  past 
studies  there  has  been  much  ambiguity  in  the  identification  of  the  TPMA  transi¬ 
tions.  However,  with  more  observable  transitions  and  better  resolution,  a 
systematic  investigation  of  this  complex  process  has  now  been  performed  u3ing 
polarized  light  and  high  magnetic  fields.  Most  of  the  transitions  can  be 


explained  by  the  usual  spherical  approximation  two-photon  selection  rules.  How¬ 
ever,  there  are  some  transitions  which  can  not  be  described  with  these  selection 
rules.  Possible  explanations  for  these  transitions  are  warping  and  inversion 
asyaaet ry- Induced  effects  due  to  the  band  structure  of  InSb.  For  the  first  time 
anisotropic  effects  are  observed  and  shown  to  be  related  to  the  anisotropy  of  the 
Initial  hole  states. 


THEORT 


The  interpretation  of  results  of  any  aagneto-opt ica 1  experiment  depends 
strongly  on  the  model  used  for  the  energy  band  structure  of  the  naterial.  One  of 
the  most  useful  energy  band  models  was  developed  by  Pidgeon  and  Brown. ^  Their  S  x 
8  Kaail  Ionian  giv*3  th»*  energies  of  the  conduct  Lon  band,  light  and  heavy  hole 
valence  bands*  and  the  I ^  spin-orbit  split-off  band  and  includes  the  effects  of 
higher  bands  to  order  They  also  extended  their  results  to  yield  the  Landau 
level  energies  when  a  magnetic  field  B  is  applied. 


The  most  recent  extensive  calculations  of  the  energy  bands  of  InSb  have  come 
from  Weller.  *5  The  double  group  representation  of  the  intermediate  states  in  the 
second  order  matrix  elements  of  the  k  •  p  Hamiltonian  were  used  instead  of  the 
single  group  as  in  Pidgeon  and  Brown's.  As  a  result  of  the  spin-orbit  splitting  of 
the  higher  bands,  this  analysis  yields  other  parameters  N^,  N2t  and  (in  Weiler’s 
notation).  These  results  were  used  to  explain  the  presence  of  certain  anamolous 
magneto-optical  effects  in  InSb,  such  as  spin-flip  and  cyclotron  harmonic  transi¬ 
tions.  By  neglecting  the  contributions  of  small  terms  and  certain  parameters,  but 
including  the  presence  of  a  magnetic  field,  the  8x8  Hamiltonian  was  reduced  to 
two  4x4  matrices,  one  for  the  a-set  (spin-up,  +1/2)  and  one  for  the  b-set  (spin- 
down,  -1/2)  energies,  which  can  then  be  solved  numerically.  However,  calculations 
of  the  eigenvalues  and  eigenvectors  are  not  sufficient  for  a  good  description  of 
TPNA  processes;  a  proper  choice  of  selection  rules  is  also  extremely  important. 


Zavadzkt  and  Wla3ak^  gave  a  summary  of  the  two-photon  selection  rules  for  the 
different  light  po lar iiat  ions  (o^,  o,  and  it)  f  or  the  case  of  $  ||  <00 1  > .  Extra 
transitions  were  shown  to  occur  because  of  warping  and  inversion-asyemnetry  effects. 
More  recently,  Goodwin  et  al.?  gave  ^ore  complete  two-photon  selection  rules  for 
the  same  light  polarizations  and  for  B  ]  <lll>  and  <110>  directions,  as  well  as  the 
<001>  direction.  The  selection  rules  in  the  spherical  approximation  governing 
transitions  between  initial  and  final  states  for  the  different  light  polarizations 
are  for  o^;  An  *  2,  As  *  0;  Op:  An  »  -2,  As  *  0;  o:  An  *  0,  As  *  0;  n  :  An  -  0, 
As  ■  0.  Here  An  is  the  final  minus  initial  state  Landau  level  number  and  As  is  the 
final  minus  the  initial  state  spin  number  (a-set  3pin  up  *1/2  and  b-aet  spin-down 
-1/2).  In  some  of  the  previous  papers  the  authors  renumbered  the  valence  band 
Landau  levels  (to  eliminate  n  *  -1  states)  which  caused  their  selection  rules  for 
n  to  di.'fer  from  ours  by  1. 


Once  the  matrix  elements  have  been  calculated  and  the  selection  rules  are 
known,  the  two  photon  magneto-absorption  coefficients  are  straight  forward  to 
calculate.  Following  second-order  perturbation  theory,  the  transition  rate^*^  for 
a  two-photon  process  in  c.g.s.  units  is 
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for  both  magnetic  field  and  no  magnetic  field  cases.  The  symbols  in  this  equation 
are  np  which  is  the  index  of  refraction  ,  I  is  the  incident  intensity,  t  is 
the  polarization  vector  in  the  direction  of  the  electric  field,  and  i,  t,  and  f, 
are  the  initial.  Intermediate,  and  final  states,  respectively.  The  delta  function 
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principal  differences  between  the  two  cases  are  .n  the  mitrix  elements  at.  i  *.:%*• 

integration  over  k. ,  which  is  related  to  the  Joint  density  of  states.  In  genera, 
the  magnetic  field  density  of  states  in  the  parabolic  approximation^  has  the  form 


where  n^  is  the  largest  positive  integer  for  which  the  summand  is  real,  ra*  i.:  . 
cyclotron  effective  mass,  and  <*.,  is  the  cyclotron  frequency  .=  eo/ m*).  Immeli a’  ■■ 1/ 
one  sees  that  the  density  of  states  diverges  wnenever  tne  energy  L  equals  the 
energy  of  a  Landau  level.  This  U  completely  different  from  the  case  witho-t  a 
•magnetic  field  where  tne  density  of  states  is  proportional  to  /fc!  and  no  divergence 
is  observed.  This  divergence  in  g(E)  is  responsible  for  the  two-photon  resonance*; 
observed  in  tne  conductivity.  To  remove  the  infinite  divergence  whenever  K  =  'n  ♦ 
l/2)tW»c,  it  has  been  customary  to  introduce  a  broadening  term  V  into  the  energy  ^f 
the  Landau  levels.*"'  This  broadening  factor  .s  a  result  of  collisions  of  electrons 
with  other  particles  (i.e.  other  electrons,  pnonons,  or  impurities/*  Kabo  et  a l ' 
has  shown  that  r  tan  be  expressed  as  T  -  ’  )  where  :  is  a  characteristic  life¬ 
time  of  the  state. 
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where  p  is  an  effective  mass  for  an  electron  and  light  or  heavy  hole  system  (1/p  = 
l/me  +  -  %)*  "n*  final  state  is  some  Landau  level  in  tne  conduction  band  and  the 
initial  state  is  a  Land*  i  level  of  either  the  light  or  heavy  hole  band.  The 
intermediate  state  t  can  be  a  Landau  level  in  any  one  of  the  four  bands  (conduc¬ 
tion,  heavy  or  Light  hole,  or  spin-orbit  spllt-off  band/.  Notice  that  K0ift  is 
dependent  on  the  initial  and  final  states.  Therefore  each  transition  between 
specific  Landau  levels  in  the  valence  and  conduction  bands  has  u  characteristic 
two-photon  absorption  coefficient,  which  depends  upon  magnetic  field  B  and  photon 
energy  f.u.  We  have  restricted  the  sura  over  intermediate  states  to  the  four  binds 
Just  mentioned;  the  contribution  of  higher  bands  is  expected  to  be  small,  because 
of  the  lar^ge  energy  difference  in  the  denominators.  The  prescription  for  calcula¬ 
ting  K-,1*'  is  to  numerically  soLve  for  the  eigen  vec  tors  of  the  two  :<  ’* 
Hamiltonians  an  1  then  use  these  eigenvectors  to  calculate  the  matrix  elements.  In 
Figure  I  the  splitting  of  the  bands  into  Landau  levels  is  shown  along  with  a 
representative  two-pnoton  transition  forOj.  Figure  2  schematically  shows  the  two- 
photon  transitions  for  the  different  light  polarisations  according  to  the  spherical 
selection  rules. 
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Figure  1.  Splitting  of  the  bands  into 
Landau  levels.  a-set  are  the  spin  up 
levels  (  +  1/2)  and  b-.;et  are  the  spin 
down  levels  (-1/.°).  '  tT.-cori*iur  t  ton 

band,  UH-h<Mvy  nole  band,  Lll-Light  holt- 
band,  :jO-spin  orbit  split  off  band).  A 
two-photon  transition  (*♦(<))  ■*  hc(2)  for 
0^)  is  shown  with  all  the  intermediate 

states.  ( - » - initial  state, - 

intermediate  state,  —  final  r.t.if'i. 
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Figure  2.  Schematic  diagram  of  ih'* 
initial,  intermediate  and  fina.  states 
of  the  two- photon  process  for  the 
different  light  polarizations.  K*.*r 
e  j_  H  i  i’  ,  ,  >J)  all  transition^ 

•  »r«?  within  th>>  a  or  b  set.  For  e  1 
It)  tin-  initial  and  final  f.tates  i r * 
of  the  .lam**  spin  while  th<* 
intermediate  st-it'*  is  of  oppos.f** 
spin . 
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Although  there  has  been  extensive  theoretical  vorx  on  TPA  in  the  absence  of  i 
magnetic  field,  there  has  been  only  two  major  attempts  to  calculate  TPMA  coeffi¬ 
cients.  The  first  attempt  was  by  Bnssuni  md  (iirlanda.^  Using  second-ord^r 
perturbation  theory,  they  considered  the  absorption  of  two  photons  each  with  dif¬ 
ferent  energies  and  different  polarisations.  Tney  al»so  used  the  parabolic  approxi¬ 
mation  to  the  Landau  levels  and  considered  both  inter-inter  and  inter-intra  band 
transitions  between  one  valence  band  and  two  conduction  bands.  In  addition 
broadening  was  not  included  in  their  model,  therefore  exhibited  infinite  diver¬ 
gences  at  the  resonance  points.  No  comparison  with  experiment  was  ever  made  with 
their  results.  The  other  major  attempt  was  by  Nguyen,  Strnad  and  Yafet,1^  who  also 
used  second-order  perturbation  theory.  In  the  sum  over  intermediate  states  tlejy 
included  the  conduction,  light,  and  heavy  hole  band3  and  did  not  include  the  spin- 
orbit  split-off  band,  which  is  usually  only  a  small  contribution.  However,  they 
were  able  to  obtain  analytical  expressions  for  K^.  because  they  used  first-order 
perturbation  wave  functions  in  calculating  the  matrix  elements.  Their  theoretical 
results  compared  favorably  with  their  experiment. 


EXPERIMENTAL  WORK 


oriented  sample?,  of  h.gh  purity  n-InSb  (  9  x  10^  cm'J)  were  roountei  in  a 
variable  temperature  devar  for  the  lower  akignetic  field  work  (0  -  2  T)  carried  out 
it  NT5U  using  a  Varian  electromagnet.  High  field  (0  -  1*>  T)  studies  were  carried 
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out  at  the  Francis  Bitter  National  Magnet  I.Hbor-ilory  with  th»?  sample:*  i miners efi 
directly  in  pumped  l  iqui  i  hel  lum.  Light  from  ^rntliiK  tunnble  cw  (Jiu  lasers  wui; 
mechanically  chopped  by  a  rotating  u  lotted  wheel  with  a  sm.il  I  duty  cycle  to  mir.i- 
mize  sample  heating  effects,  in  the  low  field  region  tue  phuioconducti  ve  measure¬ 
ments  were  carried  out  using  either  boxcar  integrator  techniques  or  a  combination 
of  sampling  oscilloscope  and  magnetic  field  modulation  techniques.  At  high  fields 
only  the  boxcar  was  used.  Field  positions,  amplitudes  and  line  widths  could  then 
be  directly  measured  and  studied  us  a  function  of  laser  intensity,  lattice  tempera¬ 
ture,  etc.  The  addition  of  modulation  techniques  significantly  improves  the  sensi¬ 
tivity  and  resolution  of  these  magneto-optical  experiments  allowing  a  more  accurate 
uete  munition  of  the  resonant  field  positions  and  observation  of  weak  struct -r*?  w 
resolution  of  closely  spaced  doublets. 

Figure  3  shows  a  reproduction  of  the  output  of  the  iock-in  detector  versus 
magnetic  field  for  sample  dc  bias  currents  of  I  -  1  mA  (photoconducti  ve  response) 
and  I  =  0  mA  (photovoltaic  response).  The  detector  response  is  proportional  to  the 
second  derivative  of  the  photo-induced  aagnetores  i  s  tanc  e  or  photovoltaic  effect. 
The  observed  amplitude  of  the  resonant  structure  contains  the  effects  of  the  modu¬ 
lation  method.  To  our  knowledge  this  is  the  first  time  that  two-photon  absorption 
effects  have  been  observed  in  the  photovoltaic  response  of  a  semiconductor.  In  ai  L 
subsequent  experiments  the  photovoltaic  response  was  minimized  by  keeping  the  laser 
beam  spot  positioned  between  the  sample  contacts.  Thus,  in  most  cases  two-photon 
effects  were  not  discernible  in  the  photovoltaic  response,  while  the  photoconduc- 
tive  response  showed  excellent  two-photon  resonances. 


Figure  TPMA  effects  in 
the  photo- vo 1 taic  response  (l 
—  0  mA  trace).  The  top  trace 
contains  both  the  photoconduc¬ 
tivity  and  the  photovoltaic 
signals. 
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HtJULTS 

.Tiraents  wer  ■  ,  .TtVrioe  i  in  two  principal  magnetic  rieid  ranges:  ')  -  2  and 
-  lb  !'.  Most  of  the  results,  analysis,  and  interpretation  are  focused  on  the  0  - 
■  >  T  range.  However,  the  higher  magnetic  fields  are  important  for  the  observation 
of  certain  transitions  near  the  TPMA  band  edge,  which  are  not  predicted  by  the 
spherical  selection  rules.  In  addition,  at  the  higher  fields  the  hole  Landau 
levels  are  split  further  apart  allowing  clear  resolution  of  unresolved  transitions 
at  the  lower  magnetic  fields. 
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figure  l<  shows  the  wavelength  dependence  of  the  TPMA  structure.  The  numbers 
correspond  to  distinct  transitions  that  have  been  identified  fro*  all  the  data  that 
has  been  taken  and  not  Just  this  figure.  For  TPMA  each  transition  corresponds  to 
an  increase  in  the  conductivity  or  a  decrease  In  the  aagnetoresiatance.  That  is, 
as  the  magnetic  field  is  increased  to  some  value  where  the  energy  between  two 
allowed  Landau  levels  equal  twice  the  photon  energy,  electrons  in  the  initial 
valenc*  band  Landau  level  will  be  photo-excited  to  the  final  conduction  band  Landau 
level.  Transitions  can  originate  from  either  the  light  or  heavy  hole  Landau  level. 
This  process  is  repeated  at  every  magnetic  field  where  a  two-photon  transition  is 
allowed.  The  increase  in  amplitude  of  the  structure  with  higher  magnetic  fields  .s 
partly  due  to  Li.e  increase  with  field  of  the  Joint  density  of  states,  in  addition, 
the  sampLing  and  lock-in  technique  produces  &  Bessel  function  envelope  to  the 
ui.pl  Holes.  Figure  Jraiastica  1  ly  illustrates  the  movement  of  the  TPMA  structure 
towards  lower  magnetic  fields  as  the  wavelength  is  increased.  The  usefulness  of 
the  COg  laser  In  studying  TPMA  in  InSb  la  also  demonstrated  in  that  its  spectral 
output  can  be  tuned  below  the  TPMA  threshold  (the  energy  gap  equal  to  twice  the 
photon  energy)  or  to  higher  photon  energies  where  much  complex  structure  can  be 
observed  since  electrons  can  now  be  excited  high  into  the  conduction  band.  To 
resolve  the  transitions  close  to  the  TPMA  band  edge,  these  experiments  were 
extended  to  15-0  T  using  the  boxcar  averager  technique.  Figure  5  shows  the  results 
of  those  experiments  where  the  TPMA  band  edge  transitions  (1,  2,  and  3)  are  clearly 
resolved.  The  detector  response  in  this  figure  is  proportional  to  the  photo- 
induced  change  in  sagnetoresistance.  At  the  higher  fields,  transitions  2  and  3  are 
well  resolved,  whereas  at  the  lower  magnetic  fields,  they  are  not  resolved  even 


Figure  l>.  Wavelength  dependence  of  the  TPMA 
structure  for  ll |  <110'  ni'l  fer  0  -  2  T  using 
sampling  oscilloscope  and  field  modulation 
techniques.  The  numbers  correspond  to  dis¬ 
tinct  transitions. 

F.g.  3Z :  .A' 13 


*T| 


Figure  5.  Wavelength  dependence 
of  TPMA  for  $  l<211>  and  for  0  - 
15  T.  The  data  were  taken  with 
the  boxcar  averager  technique  and 
showa  directly  the  TPMA  band 
edge. 
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with  the  sampling  and  lock-in  techni jue.  Figure  >  also  shows  \r»e  growth  in  ampli¬ 
tude  of  the  structure  is  it  mov-*s:  toward  h *,;!»*.* r  magnetic  !i**liis  with  higher  photon 
energies.  Although  ■  so  ol  the  o^x  :ir  » v  *.■  r  *g*.-  r  ii^hiu  ju*:  *i  uunules  trie  ttessei 
function  envcl  ipe  to  the  litru -tjpt*,  is  present  i  bu>  Aground  photo-  in  Ju*- ».*d 

magneto  res  is  t-rnce  due  to  non-resonant  absorption  processes.  For  our  experiments 
TPMA  was  not  observe  !  for  wa  ve „  v.gth.;  aoov"  ,.a. 

Th**  r»‘3ult:;  of  po  l  ar ;  /.  it  t^n  -Ladle'.  for  •*  ii  ml  .»  |j  ii  m  ».m*?  Voigt  '•  infiltr¬ 
ation  have  recently  been  presented.  -{or*-  we  present  additional  results  using 
circularly  polarized  light  (obtained  by  using  h  Fresnel  Rhptab)  in  the  Faraday 
geometry.  The  TPMA  structure  obtained  for  ’w,  nd  *(«  !|  B)  polarizations  are 

shown  .n  Figure  6.  The  magnetic  field  position  of  the  structures  for  ^  and 
are  basically  the  same.  Figure  G  -uso  shows  a  Id  .Mona;  structure  betw»*t-r.  transi¬ 
tions  lb  and  If  in  tne  dp  polarization  which  nav**  not  been  labeled.  However*  there 
are  some  noticeable  differences  in  the  strengths  of  some  of  the  transitions.  For 
hi  in  :**,  t  r  ms, t  ions  1.*  I  j ,  l-.,  17,  anu  :  appear  to  be-  stronger  for  will*® 
tr.ir.ji*  .uni  1J,  ib,  a  .  _  .  ipp-.-ur  to  In*  dominant  f  >r  ,  .  ••''so;  trmsitj  *rr;  sun.  . 

lb,  19,  and  those  higher  than  22  have  no  significant  difference  between  and  1 

These  transitions  are  the  result  of  '  polarization,  wnich  is  the  sum  of  ani  ' 

The  reason  why  these  transitions  are  present  in  both  and  -1  is  that  each  polari¬ 

zation,  7^  or  'j,  contains  some  residual  polarisation  of  the  opposite  circularly 
polarized  wave.  That  is,  rather  than  having  pure  circular  polarization,  the  wn/e 
is  slightly  elliptical.  We  estimate  from  a  polarization  analysis  of  the  beam  th  *t 
perhaps  as  much  as  10  percent  of  the  opposite  :ir  :u  L.ir  polarized  el^ttric  f.eio  ?  *> 
present  for  either  of  the  or  d,  polarization  The  transitions  in  the"  po  1  vi¬ 
al  ion  should  match  magnetic  field  pos.tionu  for  the  :  transitions,  because  they 
both  obey  the  same  selection  rules  for  transitions  between  initial  and  final 
states.  However,  the  strengths  of  the  0  transitions  are  Hfferent  from  those  of 
the  u  t  ■*ins  it  ions,  because  the  .ntermeJite  states  are  different. 

Specific  transitions  are  assigned  to  th-  structure  in  Figure  7  by  comparing 
theoretical  calculations  of  K^,  the  TPMA  coefficient,  from  Kq.  [k)  with  tne  ampli¬ 
tude  and  magnetic  field  positions  for  tne  structure  obi  lined  using  ^  and 
polarizations.  Each  line  for  represents  the  strength  of  a  specific  transition. 
The  magnetic  field  position  of  ea ch  transition  was  estimated  from  an  energy  bind 
calculation  of  the  Landau  levels.  Only  those  transitions  which  obey  the  sphericu. 
selectton  rules  are  plotted.  Tne  amplitude  of  the  stricture  can  only  be  compared 
qualitatively  with  the  calculations  for  Ko  hecau.;**  ( \ )  the  detector  response  sign.i. 
is  a  second  —  de  r  i  v  at  i  ei  which  w.y  he  slightly  different  from  the  actual  signal  an! 
(2)  the  detector  response  signal  contains  a  He  is*;  l  function  type  envelope  to  tie- 
transitions.  As  'tan  t»e  seen,  .;omo  of  th**  -,t  ruotu**e,  certainly  at  the  lower  mag¬ 
netic  fields,  are  actually  the  sun  of  several  transitions  which  are  nut  resolved. 
The  observed  resonant  structure  in  Figure  (  was  identified  with  only  the  strongest 
calculated  transition*.  The  results  of  the  identif  i  '.ition  are  given  in  Table  I. 
We  have  only  made  comparisons  of  the  e  J_i  transitions  with  the  calculated  K  , 
values.  In  principle  tne  same  method  can  be  applied  for  the  e  I!  5  or  m  transi¬ 
tions.  However,  the  structure  is  much  less  complicated  making  the  identification 
of  the  transitions  easier.  Therefore  for  the  purpose  of  identification  of  transi¬ 
tions  K->  values  were  not  calculated. 

After  the  structure  m  the  data  has  been  tentatively  identified,  the  energy 
band  Landau  level  calculations  can  be  used  to  determine  i  set  of  band  parameters. 
This  involves  a  considerable  amount  of  computer  usage  in  fitting  the  theoretic  il 
calculations  to  the  data.  The  two-photon  transition  energies  as  a  function  of 
magnetic  field  are  plotted  in  the  usual  "fan  •hart"  method  and  compared  t<*  lh-- 
experimental  data.  The  results  of  our  fitting  procedure  for  both  e  _[  li  url  *•  •' 
ire  shown  in  Figures  9-10,  where  the  data  are  the  experimental  transition  energies 
(twice  the  photon  energy)  versus  resonant  magnetic  field  positions  and  the  lines 
.solid  and  dashed)  are  the  calculated  results  for  6  11  <110.'.  There  ur>?  rainy 
nore  transitions  plotted  than  have  been  found  from  the  earlier  studies  using 
pulsed  lasers.  Interband  transitions  involved  in  magneto-absorption  exp^r itojnts 
are  usuil  ly  cons ider^d  as  being  to  exciton  levels.  However,  there  is  at  present  no 


Figure  6.  Polarisation  dependence 
of  TPMA  for  5  ||<U0>. 
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Figure  7.  Comparison  of  the  amplitude  of 
tne  TPMA  structure  for  and  Or  and  for 
b|  <110>  with  theoretically  calculated 
values  of  the  TPMA  coefficient  for  the 
possible  two-photon  transitions* 
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adequate  exciton  theory  for  TPMA  in  semiconductors  with  complex  coupled  energy 
bands.  Here  we  adopt  the  approach  of  not  correcting  for  exciton  effects  and  of 
treating  the  Landau-level  theory  as  accurately  as  possible  in  calculating  transi¬ 
tion  energies.  Me  then  look  for  differences  between  the  calculated  and  observed 
energies  for  the  lowest  transitions  where  exciton  effects  should  be  most  important. 
The  theoretically  calculated  solid  lines  shown  in  Figures  8-10  result  from  using 
only  the  spherical  selection  rules.  It  appears  that  most  of  the  low  field  experi¬ 
mental  data  can  be  adequately  described  (but  with  a  new  set  of  band  parameters) 
with  these  rules  without  using  exciton  corrections.  A  good  fit  of  these  theoreti¬ 
cal  transitions  to  the  low  field  data  results  from  using  the  following  band 
parameters;  E  a  235.2  meV,  Ep  *  23.2  eV.A  .  0.803  eV,  Y,  *  3.25,  Ip  1  -0.2, 
Y  2  "  0.9,  <  *  -1.3,  F  »  -0.2,  q  *  0.0,  *  -0.55.  No  attempt  was  made  to  deter¬ 
mine  a  value  of  A  from  our  two-photon  data.  Instead  we  have  used  the  stress 
modulated^  aagnetoref lectance  results  of  A  ■  0.803  ‘  0.005  eV  obtained  by 
Aggarwal*  There  are  some  noticeable  differences,  however,  between  the  theory  and 
data  In  Figure  10  where  the  transitions  have  been  plotted  out  to  15  T.  If  excltons 
are  present,  the  transition  energies  would  be  slightly  altered  from  the  no-exciton 
case,  which  tt.e  data  ciearly  indicates  for  transitions  7  and  lower.  The  deviation 
between  the  exciton  and  no-exciton  theories  should  also  be  more  evident  with 
increasing  magnetic  fields.  An  adequate  TPMA  exciton  theory  is  thus  needed  to 
Improve  the  fit  for  these  transitions. 


Additional  structure  labeled  (1,2),  (6),  (17,18),  and  (21*)  In  Figure  8,  (1,2) 
and  (6)  In  Figure  10,  and  ( 1 8 )  In  Figure  9,  appears  not  to  be  explainable  by  the 
spb-rlcal  selection  rules.  These  transitions  could  be  described  by  nonspherlcai 
selection  rules  allowed  because  of  Inversion  asymmetry  and  warping  effects. 
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Table  I.  Theoretical  two-photon  transition  assignments  for  each  distinct  exper¬ 
imental  transition  number  (Kxp.  Trans.  No.)  of  th*-  observed  resonant  structure  in 
the  photoconduct  i  v  ity  for  e  _[  &  polarization  (  ^  t  J  R  4  ;L  "  °)  lfl  the  Vc.*i  '-it 

geometry.  The  •  marks  indicate  those  transitions  which  can  only  be  explained  by 
nonspherical  or  extra  transitions. 
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shifts  for  some  of  the  weaker  transitions  (d,  ;f),  \\%  1  ij  observnDLe  it  the  higher 
magnetic  fields  for  A  =  y.Yv  :*n.  The  obsi.-rv.-'i  unift  in  thes*-  structures  i-  due  to 
trie  difference  in  energy  of  me  heavy  hole  Landau  lev-;  :  Tor  'he  thr**c  rrystti 
directions.  Cal i*al:itiOfi3  of  the  h -avy  hole  Landau  level  •Micrgi**s  gi  v-  goon  -gr*  •  - 
raent  with  the  obierved  shift..  fnis  is  further  proof  for  uur  h*‘»vy  hoi**  identifi¬ 
cation  of  thea«;  transitions.  Froic  cy«  iotron  ret.on.ui*  *•  i  of  the  L"uvy 

hole  masses  the  heavy  hole  mass  ifl~{illj  is  the  largest*  while  i  m“{  1  kJ  j  nvi.r  .s 
the  smallest  (bTIiHI  >  o“|llOl  >  m '  i  \  00  J ) .  Since  the  Landau  level  energies  are 
inversely  proportional  to  the  effective  -passes  of  a  particular  band  (F  ~  nfieB/m#  in 
the  parabolic  approximation',  the  heavy  hole  energies  wi*i  be  somewhat  smaller  for 
the  <  1 1 1  >  direction  than  the  <100>  direction,  thus  anting  i  shift  m  the  h*»avy 
hole  transitions  toward  higher  magnetic  fields  for  the  <  1 1 L >  direction.  The  ligut 
hole  transitions  do  n^t  show  a  significant  shift  in  magnet.’.  field  position, 
because  there  is  not  a  large  anisotropy  associate!  with  the  ! ight  holes. 

We  have  calculated  the  TPMA  spectra  au  a  function  of  nn/.v-U  :  field.  In 
Figure  it.  we  show  an  experimental  spectrum  (top  curve)  *uJ  a  ^a.ou.afeJ  spectrum 
(bottom  curve).  The  experimental  trace  war.  obtained  using  t:»»-  boxcar  averager 
trchniqi'-  slid  -s  proportions,  to  the  photo-  i  r»d*.~"  :  <c  ig;iei  •>  •  /*.*,  j  of  a  rj .  •  •-.  T‘.«- 

theoretical  spe*  train  was  •iLeulated  assuming,  a  pirab***.  .  m  vye-t  .*•  field  dependent 
Joint  density  of  states  function,  sirai  L  ir  to  Kq.  \  ) ,  for  -■  t  h  transition  wi1’ 
broadening  of  the  energy  levels  included.  The  en.-rgy  jf  the  Landau  level-  v,  i 
function  of  magnetic  field  in  the  Joint  density  of  states  function  was  calculate! 
from  the  nonpar  .bo  l  ic  B  x  B  Hamiltonian  matrix.  The  :,pe  :  r  *m  at  each  magne*  „ 
field  point  was  obtains  i  by  summing  the  cont r ibut ions  of  .1  the  transitions  in  th- 
spectrum  at  that  point.  Thus,  trinsitions  in  close  prox-mity  will  be  significantly 
influenced  by  each  other,  while  transitions  further  away  in  magnetic  r i *- 1  ■*  wil  . 
have  a  much  less  influence,  depending  on  the  strength  or  the  transitions.  Tlv 
theoretical  spectrum  is  plotted  as  l/Ko  since  the  experimental  spectrum  is  “1/n  or 
1  /  K  u  . 


The  theoretical  spectrum  is  in  qualitative  agreement  witn  the  exper  imentu  L 
spectrum.  The  two  nign  field  sets  of  transitions  ('},  V',  ani  11,  l .?  •  show  a  sharp 
rise  on  the  high  magnetic  field  side  of  a  transition  while  a  much  more  gradual 
decrease  is  evident  on  the  low  field  side  of  *  transition  b**c  tuse  of  the  density  of 
states.  The  magnetic  field  width  of  a  transition  depends  on  th J  amount  of 
broadening  of  tue  energy  levels.  For  this  spectrum  m  energy  width  of  ;  ~  h.  I  ,vV 
was  used  corresponding  to  i  collision  broadening  tim-  1  *  1  x  i:')’*"  s*». .  Although 
the  two  large  transitions  at  tne  high  magnetic  fields  art-  at  a  slightly  lower 
magnetic  field  tnan  the  «•  <p*»r  i  men  u  l  ones,  the  theoretical  spectrum  reproduces 
transitions  1-12  of  the  experimental  spectrum  very  we!  1.  However,  the  theoretic-*' 
spectrum  i r4  th**  vicinity  of  transitions  lU  and  1  shows  a  complex  multiplet  of 
structure  while  the  experimental  shows  one  seemingly  large  transition.  Kilter 
certain  transitions  are  stronger  and  dominate  the  spectrum  :>r  a  slightly  different 
•  *.  if  k  !  ,» *r  *  :iet *:•  •  w*};  j  peruaps  reproduce  the  spe ’•.»*»*  more  iciurntely.  ?h*» 
theoretical  spectrum  does  show  however,  that  some  of  the  transitions,  certainly  at 
the  lower  magnetic  fie!  is,  are  actually  the  sum  of  several  unresolved  transitions. 
Also  the  experimental  apectrma  contains  a  noticeable  magnetic  f.eld  background  in 
iddition  to  the  resonant  struct  i r*. 


iMNCLUu  loN;', 

The  i'PMA  spectra  in  Ln3b  is  shown  to  be  very  coup.-*,  exhibiting  ohai.i<  - 
ter  l  st  in  polarization,  crystalline  an  i  a  .*>  t  ropy  ,  and  magnet  i  ••  field  dependences. 
Many  aspects  of  these  spectral  features  are  presently  understood  with  calculation, 
using  a  modified  P  i  dgeon-Brown  energy  band  mo?  el  and  ippr^priate  :,•*  I'vti'.n 

rules.  However,  a  real  quantitative  understanding  of  tr.e  role  of  excitons  in  tue 
TPM  A  spectra  is  lacking  it  the  tim®. 
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Figure  11.  Crystal  orientation 
dependence  of  TPMA. 
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Figure  12.  Comparison  of  an 
experimental  TPMA  spectrum  with  a 
theoretically  calculated  value  oi 
1  /  K.£  • 
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High  resolution  two-photon  magneto-absorption  spectra  have  been 
obtained  for^ll<100>,  <111>,  and  <110>  crystallographic  directions. 
Anisotropic  effects  are  observed  for  the  first  time  in  InSb  and  are 
shown  to  be  related  to  the  anisotropy  of  the  initial  hole  states. 


Detailed  information  on  energy  band  struc¬ 
ture  of  semiconductors  comes  directly  from 
magneto-optical  experiments  such  as  intra¬ 
valence  and  intra-conduction  band  tudies  and 
one-  (OPMA)  and  two-photon  magneto-absorption 
(TPMA)  studies.  The  resonant  structure 
observed  in  such  experiments  can  be  quali¬ 
tatively  understood  by  Landau-level  and 
density-of-states  models.  For  a  fixed  magnetic 
field,  the  density  of  states  exhibits  singu¬ 
larities  at  the  energy  corresponding  to  the 
bottom  of  each  Landau-level.  When  two  Landau- 
levels  are  resonant  with  the  photon  energy  of 
the  laser  there  is  an  increase  in  the  absorp¬ 
tion.  For  small  absorption  coefficients  any 
direct  measurement  of  the  changes  in  transmis¬ 
sion  are  extremely  difficult  to  detect.  How¬ 
ever,  photoconductivity  measurements  on  pure 
samples  are  capable  of  detecting  even  weak 
magneto-optical  transitions.  In  this  study  we 
have  measured  the  photoconductlve  response  of 
n-In3b  samples  using  magnetic  field  modulation 
and  sampling  oscilloscope  techniques  (deriva¬ 
tive  techniques)  in  order  to  obtain  high 
resolution  TMPA  spectra  that  show  effects 
caused  by  crystalline  anisotropy. 

Two-photon  processes  are  related  to  the 
imaginary  part  of  the  third  order  non-linear 
electric  dipole  susceptibility  tensor  X13 
which  has  certain  crystalline  symmetry  proper¬ 
ties.  Van  der  Ziel1  has  observed  a  crystalline 
anisotropy  in  the  two-photon  luminescence 
intensity  in  GaAs  without  a  magnetic  field.  He 
attributes  this  dependence  to  the  anisotropy  of 
X'  •  In  contrast,  our  anisotropies  in  the 
TPMA  spectra  are  observed  in  the  resonant 
magnetic  field  positions  and  not  in  the 
strength  of  the  signals.  The  two-photon  second 
order  transition  probability  depends  upon  the 
delta  function  6 (Er- Ej-2fiu)  where  simultaneous 
absorption  of  two  photons  causes  a  transit*  n 
between  an  initial  E^  and  final  Ef  energy 
levels  whose  positions  (or  values)  depend  upon 
magnetic  field.  Thus,  the  slight  differences 
in  the  Initial  light-  and  heavy-hole  valence 
band  level  energies  for  the  different  crystal 
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orientations  shift  the  TPMA  resonant  spectra. 
Hereafter,  we  only  refer  to  anisotropy  in  this 
manner. 

Several  reports2-®  on  TPMA  In  n-InSb  using 
pulsed  and  Q-swltched  C02  lasers  did  not  report 
any  anisotropy,  even  though  in  one  case®  they 
were  explicity  looked  for.  The  observation  of 
anisotropic  TPMA  effects  in  this  study  is  a 
direct  result  of  the  increased  resolution  that 
comes  from  using  only  cw  C02  lasers  in  con¬ 
junction  with  derivative  techniques.*’® 

Until  now,  valence  band  anisotropy  in  InSb 
has  usually  only  been  studied  using  cyclotron 
resDnince/^1  combined  resonance,3-2  or  one- 
photon  interband1^-3^  measurements.  For  cyclo¬ 
tron  and  combined  resonance  both  the  energy 
levels  of  the  initial  and  final  states  vary  as 
a  function  of  crystalline  direction,  thus 
making  it  somewhat  difficult  to  accurately 
determine  the  anisotropy  of  individual  valence 
band  levels.  For  Interband  absorption  the 
anisotropy  oDserved  muBt  be  due  to  the  aniso¬ 
tropy  of  the  Initial  hole  states  since  the 
conduction  band  Landau  levels  are  essentially 
Isotropic.  However,  since  radiation  for  OPMA 
is  almost  completely  absorbed  in  the  first  few 
microns  of  the  crystal,  very  thin  samples  are 
necessary.3®  In  contrast,  TPMA  is  a  bulk  pro¬ 
cess,  thereby  eliminating  the  difficulty  in 
handling  thin  samples.  TPMA  also  has  different 
selection  rules  from  OPMA,  thus  more  informa¬ 
tion  can  be  gained  about  the  energy  band  struc¬ 
ture  because  more  transitions  are  observed. 
Most  of  the  transitions  observed  have  been 
Identified  and  explained  using  the  usual 
spherical  two-photon  selection  rules.®  All  of 
the  anisotropic  TPMA  structure  studied  here  is 
explained  using  these  spherical  selection 
rules. 


The  experiments  were  performed  on  InSb 
crystals  grown  by  Cominco  with  Ng-Ha*  101Iicb-’. 
A  constant  dc  electrical  current  is  applied  to 
the  sample  while  a  small  ac  magnetic  field 
modulates  the  sample  conductivity  at  a  fre¬ 
quency  of  U3Hz.  The  photoconductlve  signal 
(  *  20  u sec  vide  and  at  a  1500  Hx  repetition 
rate)  is  fed  into  a  sampling  oscilloscope,  the 
output  of  which  is  fed  into  a  lock-in  ampli¬ 
fier.  The  resulting  signal  is  proportional  to 
the  second  derivative  of  the  photoconductlve 
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signal.  Magnetic  field*  up  to  2T  were  obtained 
fro*  a  Varlan  electromagnet  calibrated  by  NMR 
techniques.  All  experleents  were^doje  in  thj 
Voigt  configuration  with  either  e  II  B  or  e  J_B 
and  the  current  parallel  to  8,  with  d  parallel 
to  either  the  <100>,  <111>  or  <110>  crystallo¬ 
graphic  directions. 

A  coaparison  of  TPMA  photoconducti ve  data 
taken  with  a  boxcar  averager  and  with  the 
sampling  and  field  modulation  system  (which 
produces  a  second-derivatlve-llke  spectra)  is 
given  in  Fig.  1  of  Ref.  8.  Thus,  much  sharper 
and  more  pronounced  structure  can  be  observed 
which  is  useful  in  determining  accurate  mag¬ 
netic  field  positions  and  in  identifying  weak 
or  closely  spaced  structure.  This  is  extremely 
advantageous  for  measurements  of  small  aniso¬ 
tropic  effects  such  as  reported  in  this  paper. 

Fig.  1  shows  photoconductive  TPMA  spectra 
for  the  major  crystallographic  directions.  The 
minima  in  the  structure  correspond  to  minima  in 
the  magnetoresistance  or  maxima  in  the  photo¬ 
conductivity.  The  labels  correspond  to  dis¬ 
tinct  transition  assignments  which  have  been 
made  using  circular  and  plane  polarized  light. 
Looking  at  Fig.  1,  one  sees  that  for  much  of 
the  structure  no  appreciable  differences  in  the 
spectra  exist  for  the  three  crystal  directions. 
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Fig.  1  Crystal  orientation  dependence  of  the 
TPMA  resonant  structure.  The  dashed 
lines  show  the  near  Isotropy  of  the 
resonant  field  positions.  These  are 
second-derivative  like  spectra 
obtained  with  the  field  modulation  and 
sampling  oscilloscope  techniques. 

X  A  22 


However,  one  striking  feature  observed  is  the 
clear  resolution  of  the  doublet  nature  of  tran¬ 
sitions  11  anl  12  for  B 1 1  <  1 1 1  > .  This  has  not 
been  previously  reported  in  any  TPMA  study. 
There  are  alto  some  definite  magnetic  field 
shifts  for  tome  of  the  weaker  transitions 
(8,10,11,13)  observable  at  the  high  magnetic 
fields.  We  now  investigate  the  detailed  nature 
of  the  anisotropy  of  the  TPMA  structure  and 
show  that  it  is  a  direct  consequence  of  the 
anisotropy  of  the  hole  Landau  levels,  which 
produces  an  anisotropy  in  the  TMPA  transition 
energies. 

Since  the  structure  for  the  weaker  fields 
(<1T)  does  not  exhibit  any  observable  aniso- 
tropy,  we  concentrate  our  analysis  on  the 
structure  at  fields  greater  than  IT.  Conse¬ 
quently,  in  Fig.  2  we  reproduce  TPMA  spectra  on 
an  expanded  scale  which  is  capable  of  showing 
the  small  shifts  in  field  positions  caused  by 
the  anisotropy.  Transition  assignments  for  each 
of  these  processes  is  given  in  Table  I.  Tne 
usual  spherical  selection  rules  (giving  the 
change  in  Landau  level,  number  n)  describe  these 
transitions;  for  ?]_B,  we  have  £>L(An  ■  +2), 
°RUn  »  -2),  and  o(in  »  0)  transitions; 
fore||6,  we  have  "  (An  *  0)  transitions.  In 
all  cases  As  *  0,  l.e.,  spin  is  conserved 
between  the  initial  and  final  states. 

The  theoretical  description  of  interband 
magneto-absorption  transitions  should  take  into 
account  exciton  effect*.  However,  there  is  at 
present  no  adequate  exciton  theory  for  TPMA  in 
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Fig.  2  TPMA  anisotropic  spectra  of  high 
fields  showing  slight  shifts  in  field 
position. 
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semiconductors  with  complex  coupled  bands. 
Hence  we  adopt  the  approach  of  not  correcting 
for  exciton  effects,  but  do  treat  the  Landau- 
level  theory  as  accurately  as  possible  in 
calculating  transition  energies.  We  then 
determine  differences  in  TPMA  magnetic  field 
positions.  These  differences  should  be  rela¬ 
tively  insensitive  to  shifts  in  positions  due 
to  exciton  corrections.  We  also  point  out  that 
the  TPMA  exciton  corrections  are  much  smaller 
than  those  that  must  be  applied  to  one-photon 
data.  Thus,  even  though  exciton  corrections 
must  be  used  to  explain  the  absolute  field 
positions,  differences  in  field  positions 
because  of  crystalline  anisotropy  should  be 
relatively  insensitive  to  exciton  corrections 
for  the  same  transition. 

In  Table  I  we  give  the  difference  in 
observed  magnetic  field  positions  (expressed  as 
values  for  B(100)  -  B(llO)  and  B(lll)  -  B(llO)) 
of  the  resonant  structure  for  the  major  crys¬ 
tallographic  directions.  These  differences  can 
be  seen  directly  from  the  TPMA  spectra,  as 
shown  in  plots  such  as  Fig.  2.  These  observed 
differences  are  a  direct  consequence  of  the 
anisotropy  of  the  energy  band  structure  which 
results  in  slight  changes  in  the  heavy-  and 
light-hole  Landau  level  energies  for  the  dif¬ 
ferent  orientations  of  the  magnetic  field. 
Since  the  conduction  band  is  isotropic,  ®  any 
anisotropies  in  the  TPMA  transition  energies 
should  result  directly  from  anisotropies  in  the 
initial  hole  states.  The  Landau  level  energies 
are  calculated  using  a  modified  Pidgeon-Brovn 
model  which  includes  only  the  warping  terms  in 
the  diagonal  part  of  the  Hamiltonian  and  no 
Inversion  asymmetry  terms.  Thus,  the  transi¬ 
tion  energies  versus  resonant  magnetic  field 


positions  are  calculated  and  then  used  to 
determine  the  theoretical  differences  in  field 
positions  for  a  constant  transition  energy 
(shown  in  Table  I).  We  use  the  following  set 
of  band  parameters  which  has  been  shown  to  be 
able  to  explain  a  wide  variety  of  magneto, 
optical  data  including  intra-conduction,  ® 
intra- valence  band,^®  and  TPMA  interband® 
data:  E.  ■  235.2  *eV ,  E_  «  23-2  eV ,  A  » 
0.803  eV,  Yx  «  3.25,  Y2  i  -0.2,  Yj  »  0.9, 
<  «  -1.3,  F  »  -0.2,  q  »  0,  and  »  -0.55. 
Most  of  the  data  shown  agree  remarkably  well 
with  the  theoretical  calculations  confirming 
that  the  identification  of  the  states  has  been 
properly  made  and  that  a  correct  set  of  band 
parameters  has  been  used.  The  calculated 
anisotropy  depends  on  the  choice  of  the  valence 
band  parameters  Y^,  Y  2,  Y^,  <  and  q.  This 
study  does  not  attempt  to  calculate  these  para¬ 
meters,  but  to  verify  that  they  also  describe 
the  crystalline  anisotropy  of  InSb.  Further 
comparisons  using  TPMA  exciton  corrections  and 
a  refined  energy  band  model  would  undoubtedly 
lead  to  even  better  agreement. 

The  anisotropic  nature  of  the  light-  and 
heavy-hole  Landau  levels  is  directly  shown  in 
Fig.  3  for  B  »  1.8T,  where  we  present  our 
calculated  results  for  several  of  the  levels 
given  in  Table  I.  We  now  show  how  Fig.  3  can 
be  directly  used  to  explain  the  observed  aniso¬ 
tropic  features  of  specific  TPMA  transitions 
like^thpse  shown  in  Figs.  4(a),  4(b),  and  4(c). 
For  e  j_  B  polarization  both  transitions  19  and 
20  are  present  as  shown  in  Fig  4(a).  For  e||  B 
polarization,  transition  20  is  absent  as  theo¬ 
retically  expected.  The  initial  hole  state  for 
transition  19  i»  a  light-hole  spin  down  b+(l) 
level  whose  theoretical  anisotropy  is  shown  in 


Ta  bid  •  /J-5"  *  + 

Two-photon  transition  assignments  for  some  observed  resonant  structure  in  the  Voigt  geometry  (for  e  1  B,  we 
have  ot ,  oR,  and  +  oR  =  o  transitions;  for  e  ||  B  we  have  jr  transitions).  The  anisotropy  of  the  resonant 
structure  is  expressed  as  the  differences  in  field  positions  for  the  given  two-photon  transition  energies.  The 
maximum  experimental  uncertainties  are  ±  20  G. 


Transition  B(100)  -  B(110)  B( 111)  -  B(110) 


Exp.  Trans. 
Number 

Polarization 

Theoretical 

Assignment 

Energy 

2hw(meV) 

Experimental 

(G) 

Theoretical 

(G) 

Experimental 

(G) 

Theoretical 

(G) 

7 

a+(-1)*aC(1) 

253.19 

-160 

-  78 

-  10 

+33 

8 

a  or  it 

a'(1)  ■*  ac(1) 

255.27 

-190 

-278 

9 

a  or  ir 

b+(0)  -  bc(0) 

253.19 

+160 

+176 

-100 

-57 

255.27 

+160 

+199 

-110 

-65 

256.76 

+170 

+218 

-130 

-70 

11 

a  ox  it 

b"(1)  *  bc<  1 

253.19 

-  60 

-  53 

+  40 

+16 

255.27 

-  90 

-  61 

+  20 

+21 

256.76 

-  70 

-  68 

+  20 

+25 

12 

b+(-1)  *bc(1> 

253.19 

+  60 

+  36 

-110 

-12 

253.72 

+  30 

+  37 

255.27 

+  40 

+  40 

-140 

-11 

256.76 

+  40 

+  39 

-150 

-16 

259.14 

+  40 

+  40 

-150 

-16 

15 

o  or  w 

a+(1)*a*(1) 

268.08 

-  40 

-  50 

+  40 

+13 

19 

aorw 

b+(1)  ♦  bc(1) 

268.06 

+  90 

+  98 

-  40 

-32 

20 

b+(0)  -  bc(2) 

268.08 

+  50 

+  54 

-  10 

-20 

20 
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Pig.  3  Hole  Landau  level  energies  calculated 
from  a  modified  Pidgeon-Brovn  energy 
band  model  for  B  •  1.8  T.  The 
anisotropy  present  in  this  figure 
explains  the  anisotropy  in  the  TPMA 
spectra.  Spin-up  (spin-down)  levels 
are  denoted  by  a  (b),  while  the 
superscript  ♦  (-)  signifies  a  light- 
(heavy-)  hole  level. 


Pig.  3.  Since  the  magnitude  of  the  <100> 
light-hole  Landau  level  energy  is  less  than 
that  for  the  <110>  energy  for  a  constant 
aagnetlc  field,  this  means  that  the  <100>  TPMA 
resonant  field  position  will  be  shifted  to  a 
higher  aagnetlc  field  than  that  for  the  <110> 
position  at  the  fixed  transition  energy  of 
Pig.  Ma).  Likewise,  one  can  see  that  the  TPMA 
resonant  field  position  for  the  <111>  direction 
should  be  shifted  to  a  lover  field  than  for  the 
case  of  the  <110>  direction.  In  contrast  the 
opposite  anisotropy  is  predicted  fros  Pig.  3 
and  observed  in  Pig.  Mb)  for  transition  13 
(dealing  with  an  initial  light-hole  spin  up 
a*(l)  state).  In  addition,  the  degree  of  the 
anisotropy  for  the  a*(l)  levels  is  much 
saaller  than  for  the  b+(l)  levels  as  shown  in 
Pig.  3.  Figure  Me)  shows  that  both  transi¬ 
tions  11  and  12  are  present  and  unresolved  for 
ej_ n,  with  the  strongest  component  arising  fros 


.  A.ZH 

transition  #12.  Thus,  use  of  the  e  |  |  it  polar¬ 
ization  is  necessary  to  demonstrate  the  true 
nature  of  the  anisotropy  of  the  weaker  transi¬ 
tion  11  which  is  explained  by  the  anisotropy  of 
the  b'(l)  (heavy-hole  spin  down  initial  state) 
level  shown  in  Fig.  3.  Thus,  the  b+  or  a' 
levels  are  more  anisotropic  than  the  b"  or  a'*' 
hole  levels,  in  agreement  with  the  intra- 
valence  band  data  of  Littler  et  el. 

In  conclusion,  we  have  shown  for  the  first 
time  that  the  TPMA  spectra  in  InSb  are  aniso¬ 
tropic  and  that  the  anisotropy  is  quantita¬ 
tively  related  to  the  light-  and  heavy-hole 
anisotropy.  Consequently,  TPMA  appears  to  be 
a  powerful  approach  to  investigating  the 
valance  band  in  semiconductors,  vhlch  have 
usually  only  been  studied  with  cyclotron  reso¬ 
nance,  combined  resonance,  or  one-photon  inter¬ 
band  techniques. 
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Fig.  4  TPMA  spectra  showing  polarization  and 
anisotropy  for: 

(a)  transitions  19  (b+(l)  b.c(l)) 

and  20<b+(0)  -»  bc(2)) 

(b)  transition  15  (a*(l)  *  ac(l)) 

(c)  transition  11  (b”(l)  •*  bc(l)) 

Pkj.  it.a.zs' 
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B.  Cadmium  Sulfide 

In  this  subsection  we  present  the  results  of  an  investigation  of  nonlinear 
optical  properties  of  CdS  using  two  photon  spectroscopy  techniques.  All  of  the 
major  experimental  work  was  carried  out  at  the  Francis  Bitter  National  Magnet 
Laboratory  on  the  MIT  campus  in  Boston.  D.  G.  Seiler  spent  one  year  there 
carrying  out  research  during  September  1,  1980,  to  August  31,  1981.  Extensive 
analysis  and  computations  were  also  carried  out  later  at  NTSU.  In  what  follows 
several  papers  are  reproduced:  one  dealing  with  A-excitons  and  one  with  8- 
excitons.  In  addition,  a  reprint  of  a  paper  (given  at  the  XII th  International 
Quantum  Electronics  Conference  held  in  Munich,  West  Germany,  during  1982)  is 
also  reproduced. 
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High-resolution  spectra  are  obtained  for  the  free  A  excitons  in  CdS  by  two-photon  ab¬ 
sorption  using  photoconductivity  techniques.  At  zero  applied  magnetic  field  the  anisotro¬ 
py  splitting  of  the  2 P  and  IP  exciton  states  is  observed  and  interpreted  with  an  anisotro¬ 
pic  effective-mass  Hamiltonian.  The  energies  of  these  states  are  measured  as  a  function  of 
magnetic  field  up  to  B~  10  T.  The  magnetic  field  dependences  are  analyzed  in  terms  of 
linear  Zeeman  splitting  and  diamagnetic  interactions.  At  low  fields  the  diamagnetic  con¬ 
tribution  gives  the  usual  quadratic  field  dependence  but  deviates  significantly  at  higher 
fields.  At  a  given  field,  the  deviation  is  found  to  increase  dramatically  with  increasing 
quantum  number  n.  This  deviation  is  fitted  by  variational  calculations  developed  by  Lar¬ 
sen.  which  take  into  account  the  interaction  of  states  through  the  diamagnetic  term  in  the 
Hamiltonian.  The  magnetic  field  dependence  of  these  states  allow  us  to  determine  the 
masses  as  m^MO^lO+O.OOJlmo  and  mi=t0.64+0.2)mo.  At  B  =0  the  narrow  laser 
linewidths  (0.03  meV)  allow  an  accurate  determination  of  the  /< -exciton  binding  energy  of 
27.4+0.8  meV  and  the  anisotropy  parameter  of  0.797  +0.013  from  which  the  energy  gap 
£^=2582.5+0.2  meV  at  T=  1.8  K  is  calculated.  Finally,  the  temperature  dependence  of 
the  A  gap  is  determined. 

I.  INTRODUCTION 

Excited  states  Itt  >  2)  of  the  free  exciton  in  CdS 
have  been  studied  previously  by  linear  absorp¬ 
tion1-3  and  two-photon  absoiption  (TPA).4-1 
Magnetic  field  effects  on  these  excitons  were  stud¬ 
ied  up  to  B  =  3  T  by  Hopfield  and  Thomas'  in 
high  resolution  and  up  to  B  =  10  T  by  Shah  and 
Daman2  with  moderate  resolution  using  one- 
photon  techniques.  Daman  et  al. 7  studied  IP  exci¬ 
ton  states  by  two-photon  magnetoabsorption 
(TPMA)  techniques  for  a  magnetic  field  of  5  T 
parallel  to  the  hexagonal  c  axis.  Through  polariza- 
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tion  studies  they  were  able  to  understand  the  Zee- 
man  splitting  of  the  2 Pt  (  states  and  fine  structure 
splitting  of  the  2 P+ , ,  2P_ , ,  and  2JPt  states.  We 
present  here  the  results  of  high-resolution,  TPA 
magneto-optical  experiments  on  the  free-exciton 
excited  states  in  CdS  up  to  2?~10  T.  Both  Zeeman 
splitting  and  diamagnetic  shifts  of  the  n  =2  and 
n  —3  exciton  states  are  investigated.  At  these 
fields  the  higher-lying  exciton  states  show  consid¬ 
erable  deviation  from  quadratic  diamagnetic 
behavior.  This  deviation  is  explained  by  consider¬ 
ing  level  interactions  or  state  mixing  using  varia¬ 
tional  calculations  due  to  Larsen.9  The  high  reso- 

7666  ©1982  The  American  Physical  Society 


23 


TWO-PHOTON  MAGNETOSPECTROSCOPY  OF  /t-EXCITON  .  .  . 


7667 


lution  obtained  in  the  present  experiment  enables 
us  to  determine  some  material  parameters  of  CdS 
more  accurately  than  in  previous  studies. 

CdS  has  a  hexagonal  wurtzite  structure.10  This 
structural  anisotropy  causes  crystal-field  splitting, 
which  interacts  with  the  spin-orbit  coupling  to 
split  the  valence  band  into  three  bands,  A,  B,  C, 
each  twofold  degenerate  with  spin  considered.  The 
lowest  band  gap  is  due  to  the  /4-valence  band  and 
is  at  the  Brillouin-zone  center  at  £^~2.582  eV. 

The  conduction  band  with  electron  mass 
m,  ~0. 2m o  produces  free  excitons  associated  with 
each  valence  band  having  an  effective  Rydberg  of 
~27  meV  and  a  ground-state  radius  of  cs30  A. 

The  pioneering  work  of  Hopfield  and  Thomas'  uti¬ 
lized  a  magnetic  field  to  study  these  excitons  using 
one-photon  absorption.  They  determined  values 
for  the  exciton  binding  energy,  electron  and  hole 
masses,  the  electron  and  hole  spin  g  factors  and 
analyzed  the  Zeeman  splitting  and  diamagnetic 
shifts  up  to  B  =  3  T.  At  these  fields  the  magnetic 
perturbation  on  the  wave  functions  is  weak  in  com¬ 
parison  to  the  Coulomb  interaction,  while  at  higher 
magnetic  fields  the  Lorentz  force  on  the  exciton 
becomes  comparable  to  the  Coulomb  force.  As  a 
result,  the  wave  functions  contract  to  such  an  ex¬ 
tent  that  deviations  from  quadratic  diamagnetic 
behavior  occur.  The  magnetic  field  causes  mixing 
of  the  B  =0  wave  functions  through  the  ordinary 
diamagnetic  perturbation.  This  interaction  is 
known  to  couple  states  having  A/  =0,  +2  and 
A  mi  = 0  for  all  principal  quantum  numbers  (A/i^O 
or  An  =0>.  Higher-lying  energy  levels  tend  to  re¬ 
pel  lower  states  down  in  energy.  This  effect 
reduces  the  quadratic  dependence  of  the  levels  and 
eventually  causes  it  to  once  again  approach  a 
linearlike  dependence.  This  departure  from  the 
low-field  behavior  is  expected  to  occur  at  lower 
fields  for  excited-state  excitons.  This  occurs  be¬ 
cause  the  wave  functions  are  much  larger  and 
hence  have  a  smaller  Coulomb  interaction  to  over¬ 
come.  Thus,  we  expect  to  see  n  =  3  exciton  states 
deviate  much  more  from  a  quadratic  dependence 
than  n  =2  states  at  a  given  field. 

The  energy-level  spectra  of  the  free  excitons  are 
produced  in  the  present  study  by  two-photon  ab¬ 
sorption.  In  this  particular  experiment  two  pho¬ 
tons  are  simultaneously  absorbed,  where  one  is 
fixed  in  energy  and  the  other  is  tunable  and  their 
sum  is  made  equal  to  the  exciton  level.  Since  both 
photon  energies  are  below  the  gap,  the  absorption 
occurs  throughout  the  bulk  of  the  sample,  which 
places  less  importance  on  the  sample  surface.  The 


absorption  is  monitored  by  the  photoconductivity 
of  the  samples  and  the  spectral  resolution  is  deter¬ 
mined  by  the  linewidth  of  the  laser  which  is  less 
than  0.0S  meV.  To  our  knowledge  this  is  the  first 
time  that  the  photoconductivity  technique  has  been 
used  to  obtain  the  TPA  spectra  of  free  excitons  in 
semiconductors. 


II.  EXPERIMENTAL  WORK 

The  single-crystal  samples  of  CdS  were  high- 
purity  platelets  of  10-3-cm  thickness  grown  from 
the  vapor  phase.  The  crystals  used  were  all  in  the 
as-grown  condition.  Overall  sizes  were  approxi¬ 
mately  1 X  5  mm2  with  the  hexagonal  c  axis  lying 
in  the  platelet  plane  parallel  to  the  longest  side. 
Indium  electrodes  were  attached  to  the  surface  by 
melting  pure  indium  onto  the  samples  at  410’C 
while  in  a  nitrogen  environment.  6-/rm-thick 
indium-gold  ribbon  was  used  for  the  contact  wires. 
Patterns  obtained  on  a  Tektronix  IV  curve  tracer 
at  both  very  low  and  very  high  voltages  were  sym¬ 
metric,  indicating  good  Ohmic  contacts.  To  mini¬ 
mize  any  possible  external  strain  on  the  crystals, 
the  samples  themselves  were  not  epoxied  or  glued 
directly  to  any  base.  Instead,  all  samples  were 
placed  on  polished  sapphire  substrates  and  only  the 
flexible  ribbon  wire  was  carefully  glued  to  the  sap¬ 
phire.  Typical  room-temperature  resistivities  of 
“good”  crystals  were  ~I03  Hern  in  the  light,  while 
dark  resistivities  were  >  106  ft  cm.  [Good  crystals 
showed  clear  resolution  of  the  A  (2P0  )  line  from 
the  A  (2F+ 1 )  line  at  B  =0  with  full  width  at  half¬ 
maximum  (FWHM)  linewidths  ~0.3  meV.]  We 
expect  that  Nd  -N,<  1016  cm-3,  indicating  some 
degree  of  compensation.  Voltages  up  to  45  V  were 
applied  across  the  sample  (E  <  100  V/cml  without 
affecting  the  spectra.  Of  the  half-dozen  samples 
tried  only  one  half  showed  the  narrow  B-  0  spec¬ 
tral  linewidths;  the  others  had  A  (IP)  linewidths 
approximately  twice  as  wide. 

The  spectrum  of  the  exciton  states  was  taken  by 
observing  the  increase  in  light  absorption  as  moni¬ 
tored  by  the  increase  in  sample  conductivity  as  a 
function  of  photon  energy.  This  method  has  been 
used  previously  by  Button  et  al.u  and  more  recent¬ 
ly  by  Seiler  et  al. 12  in  studying  two-photon-induced 
photoconductivity  in  InSb  using  COj  lasers.  Pho- 
toconductive  structure  using  one-photon  spectros¬ 
copy  has  been  observed  at  the  positions  of  the  free 
excitons.13  The  exact  mechanism  causing  breakup 
of  the  excitons  into  free  electrons  and  holes  is  a 
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FIG.  I.  Schematic  diagram  of  two-photon  magnetoabsorption  spectroscopy  equipment.  The  doubled-YAG  laser  out¬ 
put  is  divided  by  a  beam  splitter  (BSi  in  order  to  pump  a  tunable  dye  laser  and  triple-pass  stimulated-Raman-shifting 
cell.  The  unwanted  Stokes  and  anti-Stokes  outputs  of  the  cell  are  attenuated  by  filters  (F).  The  infrared  and  visible 
beams  are  combined  by  a  dielectric  mirror  ( M).  The  absorption  as  a  function  of  total  photon  energy  was  monitored  by 
measuring  the  photoinduced  conductivity  change. 

Fi’q.  B-  I 


matter  of  conjecture;  presumably  it  occurs  through 
interaction  with  defect  or  impurity  centers.14 

A  (7-switched  yttrium  aluminum  garnet  (YAG) 
laser  was  used  to  produce  two  light  beams  as  seen 
in  Fig.  1,  one  tunable  at  Awu~1.8  eV  from  a  dye 
laser  and  the  other  fixed  at  Aw,r=0.7840  eV  pro¬ 
duced  by  stimulated  Raman  scattering.'3  The 
YAG  second  harmonic  at  A.=0.532  fim  was  divid¬ 
ed  by  a  beam  splitter  in  order  to  simultaneously 
pump  the  tunable  dye  laser  using  LD688  dye  and  a 
Raman-shifting  cell.  The  50-cm-long  cell  con¬ 
tained  hydrogen  gas  at  450  psi.  The  pump  beam 
was  focused  three  times  inside  the  cell  by  initially 
using  a  50-cm  focal-length  lens  placed  outside  the 
cell  and  two  concave  mirrors  (25-cm  radius  of  cur¬ 
vature)  mounted  inside  the  cell.  Triple  passing  the 
cell  allowed  lower  threshold  power,  approximately 
one  half  that  obtainable  with  a  single  pass.  The 
third-Stokes-shifted  ir  light  was  selected  by  block¬ 
ing  the  unwanted  Stokes  and  anti-Stokes  light  by  a 
long  pass  filter  (0.57  fim)  and  a  1-mm-thick  silicon 
window.  After  the  visible  and  ir  beams  were  made 
to  overlap  in  time  they  were  combined  collinearly 
using  a  dielectric  mirror  that  reflected  the  red  light 
while  transmitting  the  ir.  The  beams  were  then 
focused  onto  the  sample  using  a  30-cm  focal-length 
spherical  lens.  The  peak  power  of  the  ir  beam  was 
about  5  kW  while  the  visible  beam  was  the  order 
of  10— 100  W.  The  sample  was  mounted  in  a 
variable  temperature  Dewar  containing  pumped 
liquid  He  at  1.8  K  or  flowing  He  gas  for  higher 
temperatures.  The  optical  Dewar  tail  was  mounted 


in  a  2-in.  bore  Bitter  magnet  solenoid  having  radial 
access  to  the  light  in  a  Voigt  configuration.  The 
applied  current,  c  axis,  and  B  field  were  all  paral¬ 
lel.  A  10-Mft  resistor  in  series  with  a  battery  was 
placed  across  the  sample.  The  photoinduced  volt¬ 
age  change  across  the  sample  was  extracted  by  a 
low-pass  — high-pass  filter  combination,  then  am¬ 
plified  between  10  and  1000  times.  This  output 
was  sampled  by  a  boxcar  integrator  of  gatewidth 
0. 1  msec.  The  spectral  scans  were  taken  via  a 
computer  that  read  the  boxcar  output  with  an 
analog-to-digital  converter  while  scanning  the  tun¬ 
able  dye  laser  through  a  stepping-motor-shaft- 
encoder  combination.  Fluctuations  in  the  photo¬ 
conductivity  signal  at  60  Hz  were  eliminated  by 
locking  the  laser  pulses  to  a  subharmonic  of  the 
60-Hz  line  frequency. 

Spectra  were  also  taken  in  a  single-beam  experi¬ 
mental  configuration,  where  fko„  was  one  half  the 
exciton  energy.  With  additional  pump  power,  the 
dye  laser  output  could  be  directed  into  the  Raman 
cell  producing  “tunable,”  near-infrared  light.  The 
single-beam  setup  was  found  to  give  spectra 
without  the  flat  background  present  in  the  two- 
beam  spectra.  Also  alignment  was  much  easier 
since  the  overlap  of  two  beams  is  not  necessary. 

Ill  THEORY 
A.  Free -exciton  energy  levels 

The  energy-level  spectrum  of  the  free  excitons  in 
CdS  can  be  conveniently  calculated  within  the 
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effective-mass  approximation.  The  basic  Hamil¬ 
tonian  appropriate  to  this  anisotropic  situation  has 
been  derived  in  detail  by  several  authors  using 
slightly  different  parameter  notations  suitable  for 
perturbation  or  variational  solutions.  Using  a 
center-of-mass  coordinate  system  where  the 


center-of-mass  motion  is  set  equal  to  zero,  the  ef¬ 
fective  one-particle  Schrodinger  equation  for  an 
electron-hole  pair  interacting  with  each  other  by 
the  Coulomb  field  in  a  wurtzite-type  material  such 
as  CdS  can  be  written  as16 


a2  a2 

_±_ 

_ai 

e1 

*Hi 

ax2  +  ay2 

a  z 2 

\KiKH[x2+y2  +  (Kl/Kll)z2]}]/2 

F(D=£F(r)  . 


(1) 


Here  z  is  parallel  to  the  c  axis,  F(7)  is  the  exciton  envelope  function,  E  =En  —Eg,  KL  and  Ky  are  com¬ 
ponents  of  the  dielectric  tensor,  and  Hi  and  /i||  are  components  of  the  effective  reduced-mass  tensor  of  the 
exciton,  i.e., 


_1 _ 1  JL  1  _  1  1 

Hi  m,L  m*  ’  Hu  mj1  + 

Making  the  substitution 


KL 

*'=•*,  y'=y,  z'=—-z  , 

An 


Eq.  (1)  becomes 
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2 Mu  3z'J  K(x'2+y'2+z'2),/2 

F(7‘)  =  EF(t")  . 
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(3) 


It  is  convenient  to  write  Eq.  (3)  in  the  dimension¬ 
less  form 


L  ji,  jL 

[  3x2  3y2  +  3z2 


F(r)  =  £F(F)  , 


(4) 

where  we  have  dropped  the  primes,  and  the  units 
of  length  and  energy  are  given  by 


aB  = 


Hie* 

2  #K2  ’ 


(5) 


and  are,  respectively,  the  reduced  Bohr  radius  and 
the  effective  Rydberg  binding  energy.  The  aniso¬ 
tropy  parameter  y=(/i1ATi  )/{H\\K\\  )•  This  same 
equation  was  given  by  Faulkner  for  solving  the 
donor  impurity-level  case  in  silicon  and  germanium 
at  zero  magnetic  field.17 

In  the  presence  of  a  uniform  external  magnetic 
field  parallel  to  the  c  axis  and  using  a  cylindrical 
gauge  where  the  vector  potential  A  =  (B  X  D/2  re¬ 
sults  in  the  addition  of  several  terms  to  the  one- 
particle  Hamiltonian  of  Eq.  (3): 

— T~ ^T/Z.f  +  »?2U2+y2)/4+g1SfT?/2  . 

m*+m. 


where  ij~hbB /&*  is  a  dimensionless  measure  of 
the  strength  of  the  magnetic  field  B,  the  effective 
Bohr  magneton  [iB  =efl/2/i1c,  L,  is  the  z  com¬ 
ponent  of  the  orbital  angular  momentum  operator, 
g,  is  the  parallel  component  of  the  exciton  g  fac¬ 
tor,  and  St  is  the  z  component  of  the  exciton  spin 
angular  momentum.  The  first  term  linear  in  B  is 
due  to  the  ordinary  Zeeman  effect  arising  from  the 
A-P  terms  for  the  electron  and  hole,  while  the  last 
term,  also  linear  in  B,  is  due  to  the  interaction  of 
the  electron  and  hole  spins  with  the  magnetic  field. 
The  middle  term  represents  the  diamagnetic  effect 
arising  from  the  A 2  term  which  is  usually  con¬ 
sidered  to  be  quadratic  in  B ;  at  high  enough  mag¬ 
netic  fields  and/or  for  higher  excited  exciton  states 
considerable  deviation  from  a  quadratic  behavior 
can  be  expected  as  a  result  of  the  strong  mixing  of 
states  of  different  principle  quantum  number. 

In  order  to  calculate  the  eigenvalues  of  the  Ham¬ 
iltonian  in  Eq.  (4)  for  the  IP  levels  at  B  =0  and 
the  diamagnetic  part  of  the  Hamiltonian  in  Eq.  (6) 
we  employ  the  following  variational  trial  func¬ 
tions9: 


=pe 


-A,p!-A2r 


(6) 
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TABLE  I.  Calculated  energy  levels  of  the  A  excitons  in  CdS.  Variational  calculations  of 
the  binding  energy,  in  units  of  -A’,  ate  compared  with  those  of  Faulkner  (Ref.  17)  and  Prad¬ 
daude  (Ref.  19).  B  =0  at  ij=0  and  7.5  T  at  >j=0. 1 

n 

=  0 

V 

=0.1 

Anisotropic  model 

[j'/5  =  (0.729)l/— 0.900] 

Spherical  model  (y=  1) 

Energy  level 

This  paper 

Faulkner 

This  paper 

Praddaude 

2Po 

0.3010 

0.3009 

0.3239 

0.3248 

2  P. 

0.2656 

0.2656 

0.3995 

0.4017 

3P0 

0.1342 

0.1342 

0.1381 

0.1398 

3P_ 

0.1183 

0.1184 

0.1583 

0.1624 

T Able  V.B.l 


where  r  =  (p1+az2+02)'/2,p2-=x2+y2.  The  vari¬ 
ational  parameters4  A ) ,  Alt  a,  and  0  are  optimized 
for  each  state  and  magnetic  field  of  interest  by 
minimizing 

(  02 P  I  H  I  02 P  02 P  I  02P  )  ■ 

The  3 P  eigenvalues  are  computed  by  using  the 
trial  functions'® 

0»±=p(2-f?Je-^,-£^+^,,/,  +  C±0w±  . 

03,o=  H2-S he  ~ Op'-^+U1"'2  +Co02,o  . 

where  r  =(p2  +  8z2  +  02)l/2.  The  variational 
parameters  D,  E,  £,  5,  and  9  are  optimized  in  a 
fashion  similar  to  the  2 P  case.  The  C  parameters 
were  determined  by  forcing  orthogonality  between 
3 Pt  and  2 P+,  and  between  3 P0  and  2 P0  for  each 
choice  of  the  other  parameters. 

The  accuracy  of  these  2 P  and  3P  vanational  cal¬ 
culations  can  be  seen  from  the  results  given  in 
Table  I  for  both  rj  =0  and  t/  =0. 1 .  At  zero  field 
we  compare  our  results  with  those  of  Faulkner'1 
who  used  the  Rayleigh-Ritz  approach  to  determine 
the  values  of  9f*  for  certain  values  of  y.  Using  a 
value  of  y= 0.729  which  corresponds  to  his  tabu¬ 
lated  yui  =0.900  gives  excellent  agreement  for  the 
various  energy  levels  shown  in  Table  I.  Solutions 
in  a  magnetic  field  (y=0. 1 )  are  compared  to  the 
more  accurate  spherical  results  of  Praddaude1 1 
obtained  by  expansion  of  the  wave  function  in 
Laguerre  polynomials  for  hydrogenlike  atoms  in  a 
magnetic  field.  Our  calculated  binding  energies,  in 
units  of  .<?*,  are  lower  than  Praddaude's  by  0  0009, 
00022,  0.0017,  and  0.0041  for  the  2 P„.  IP  .  3P„, 
and  3 P  states,  respectively  This  is  to  be  expect  - 
ed  from  a  variational  calculation.  However,  the 
relative  spacings  of  the  energy  levels  E(2P,  ) 

—  E(2P0K  £(3P0)  -E(2Pr,\ and  E(3f\  )" 
-£(2P0>  levels  are  generally  in  closer  agreement 


Praddaude’s,  +0.0769,  —0.1850,  -0.1624;  our  re¬ 
sults,  +  0.0756,  —0.1858,  and  —0.1656,  respec¬ 
tively.  As  we  shall  see  later,  these  errors  are  ap¬ 
proximately  the  same  as  the  uncertainties  in  field- 
dependent  energy  shifts  of  each  of  the  respective 
levels.  Consequently,  we  expect  our  variational 
calculations  to  adequately  explain  the  data. 


B.  Two-photon  absorption 


The  basic  theory  of  two-photon  processes  was 
formulated  by  Goppert-Mayer  in  1931. 20  Using 
second-order  perturbation  theory  and  making  the 
dipole  approximation  gives  the  probability  per  unit 
time  per  unit  volume  IF|2'(£)  that  the  system 
makes  a  transition  from  an  initial  state  i  to  a  final 
state  /  of  energy  E  =fKtu,  +  «2)  above  the  ground 
state,  while  the  field  loses  one  quantum  each  of  en¬ 
ergy  firO]  and  Thus, 


W[1\E)  = 


2rr 

^01 

eAoi 

* 

me 

me 

2 


XS(£/  —  Et  —  Auj—  fia>2)  ,  (7) 


where  Aw  and  A02  are  the  magnitude  of  the  vector 
potentials  of  the  radiation  beams  polarized  in  the 
fixed  directions  and  e2,  and  Aj-j1  is  the  compo¬ 
site  matrix  element  given  by 


1 P  f/ -f  |  HP/,  -f; )  1 P//  )( P/i  ‘f  | ) 

E/  —  £,  —fkt>2  +  fi&)| 


(8) 


Here  P/,  and  Ph  arc  matrix  elements  of  the  dipole 
operator  and  the  sum  is  over  all  possible  intermedi¬ 
ate  states  /.  The  quantity  usually  measured  in  a 
TPA  experiment  is  0  which  is  related  >o  the  transi¬ 
tion  rate  per  unit  volume  by  the  expression 


I 


t 


! 

i 


s 
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0=1*0,  +  *»:>-,  . 

A  knowledge  of  the  laser  beam  properties  both  in 
space  and  time  is  needed  to  determine  /?  and  a  lack 
of  complete  beam  characterization  can  lead  to 
large  uncertainties.  As  pointed  out  by  Bechtel  and 
Smith,22  the  absorption  may  depend  upon  the  laser 
pulsewidth  because  absorption  by  two-photon- 
created  excess  carriers  is  not  negligible. 

For  the  purposes  of  this  study  we  are  interested 
in  the  two-photon  resonance  condition  given  in  the 
6  function  of  Eq.  (7).  Thus  whenever  Ef—El 
—  fia>|  +fki>i  we  expect  to  observe  a  maximum  in 
the  two-photon  absorption  and  hence  the  greatest 
photoconductive  response.  The  complications  just 
mentioned  should  not  affect  this  resonance  condi¬ 
tion. 

The  transition  probabilities  depend  upon  the 
light  polarization  as  seen  in  Eq.  (8).  There  have 
been  several  calculations  and  tabulations  of  the 
form  of  these  angular  dependences  in  order  that 
they  might  be  readily  available  for  the  analysis  of 
experimental  data.  Inoue  and  Toyozawa25  gave  the 
angular  dependence  of  two-photon  transitions  in 
which  either  the  initial  or  final  state  transforms  ac¬ 
cording  to  the  totally  symmetric  representation  of 
the  point  group.  This  work  was  subsequently  ex¬ 
tended  by  Bader  and  Gold24  to  (1)  the  allowed 
transitions  between  states  belonging  to  all  irreduci¬ 
ble  representations  of  the  point  group  and  (2)  the 
double-group  representations  encountered  when 
spin-orbit  coupling  is  included.  Both  Stafford  and 
Sondergeld6  and  Nguyen  et  al. 4  found  no  evidence 
for  TPA  to  final  5-exciton  states,  in  contrast  to  the 
work  of  Pradere  and  Mysyrowicz.5  The  polariza¬ 


tion  dependence  of  these  matrix  elements  was  used 
by  Nguyen  et  al.  to  show  that  the  15-exciton 
ground  state  is  an  effective  intermediate  state  when 
one  photon  from  a  dye  laser  is  nearly  resonant 
with  the  IS  exciton  energy,  while  the  other  photon 
is  produced  by  a  C02  laser. 

The  allowed  TPA  selection  rules  at  the  T  point 
can  be  determined  from  group  theory  applied  to 
the  C6k  symmetry  of  CdS-type  crystals.  The  sym¬ 
metries  of  the  A  excitons  are  then  a  result  of  the 
T 7  conduction  band  and  T ,  valence-band  sym¬ 
metries  along  with  the  symmetries  of  the  hydro- 
genic  states  of  the  exciton  in  the  center-of-mass 
coordinate  system.  We  summarize  the  results  in 
Table  II  where  various  exciton  states,  their  decom¬ 
position  into  various  symmetries,  and  the  allowed 
one-  and  two-photon  transitions  are  given.  For 
E||c,  the  dipole  radiation  representation  is  T ,  and 
for  Eic,  it  is  T5.  A  magnetic  field  parallel  to  the 
hexagonal  axis  «f  the  crystal  represents  a  perturba¬ 
tion  of  symmetry  T 2.  Group  theory  can  then  be 
used  to  calculate  g  values  for  all  the  exciton  states 
as  shown  in  Table  II. 


IV.  RESULTS  AND  CONCLUSIONS 

The  TPA  spectra  near  the  4  exciton  region  are 
shown  in  Fig.  2.  The  lowest  observable  exciton 
states  are  the  2 P  levels.  Even  though  a  T6  15  or 
25  transition  is  allowed  in  TPA,  no  evidence  for 
their  existence  was  found.  These  observations  were 
first  made  by  Stafford  and  Sondergeld6  and  later 
by  Nguyen  et  al 4  using  TPA.  Evidently  the  oscil¬ 
lator  strength  for  this  f6  state  is  very  small.  At 


TABLE  II.  CdS  exciton  states  and  their  symmetries.  The  allowed  one-  and  iwo-photon 
transitions  and  their  polarizations  are  shown  for  Eic  (1)  and  §|jc  (j|).  The  cci responding  g 
values  for  B||c  are  also  given. 


State 

Possible 

symmetries 

One-photon 

allowed 

Two-photon 

allowed 

g  values 

15.25 

r„r6 

r,(i) 

rvi.i) 

l8*i!_ 8»;i  1 

1 8*li +8*11 1 

2  Po 

r,.r6 

r,di 

r6u,ii 

1 8*1' “8*il  1 

!8*ii  +8*ii  1 

| 

■fl  | 

rs  [ 

r„r2.r,,r„r„r6 

r,ai 

r„r2(ii) 

r, 

.  Tj(  1,1  or  1 1, i :  I 

r6(i,l) 

28*i  i  ~ 8*ii  — 8*"  i 
‘  2g*r  +8»ii -8*n  1 
^8*11  +g,||  —  8»|:  I 

128*1. -8*ii  +8»i. 1 

Table  37.0.X 


^L-HO 
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hu>,  +  near  the  ,4-exciton  region  in  CdS  platelets  for 
vanous  magnetic  fields.  The  magnetic  field  was  parallel 
to  the  hexagonal  c  axis  in  a  Voigt  configuration  with  E 
perpendicular  to  c  for  the  two  photons  at  a  lattice  tem¬ 
perature  of  TL  =  1.8  K.  The  instrumental  resolution 
R  =0. 1  meV  is  narrower  than  the  intrinsic  lincwidths. 

F.g.  T-B  2 

B  =0  the  IP  states  clearly  show  the  expected  an¬ 
isotropy  splitting  corresponding  to  2 P0  (m;  =  0) 
and  IP,  (mi  =  +  1 The  IP  structure  has  allowed 
contributions  from  both  the  r1,r2  and  the  T6  sym¬ 
metry  states  which  lie  close  in  energy  so  that  one 
cannot  resolve  them  at  8=0  At  B  =  10  T,  there 
is  fine-structure  splitting  observable  in  the  2 P , 
state  which  is  caused  by  the  slightly  different  g 
factors  for  the  T,  +  T2  and  the  T6  states.  Similar 
splitting  at  R  -0  has  been  seen  by  Hopfield  and 


Thomas1  and  Nguyen  et  al. 4  For  the  IP  states  the 
signal-to-noise  ratio  at  B  =0  was  lower,  resulting 
in  poor  resolution.  In  order  to  extract  the  peak  po¬ 
sitions  many  scans  were  taken  on  several  samples. 
Zero- field  results  of  the  3 P0  and  3 Pt  states  report¬ 
ed  here  are  averages  of  these  scans.  This  is  the 
first  experiment  with  enough  resolution  to  resolve 
this  anisotropy  splitting  of  the  3 P  states.  Zero- 
field  positions  of  the  observed  A-exciton  states  in 
CdS  are  given  in  Table  III  where  a  comparison  is 
also  given  with  the  one-photon  results  of  Hopfield 
and  Thomas'  and  Litton  et  al.1  and  the  two- 
photon  results  of  Stafford  and  Sondergeld6  and 
Nguyen  et  al*  There  is  in  general  very  good 
agreement. 

The  result  of  fitting  our  variational  calculations 
to  our  data  gives  values  for  the  effective  Rydberg 
.-if*  =27.4+0.8  meV  and  the  anisotropy  parameter, 
y=0. 797  +  0.013.  Using  our  data  and  the  less- 
accurate  first-order  perturbation  approach  of  Hop- 
field  and  Thomas,  whose  state  energies  involve  a 
mean  Rydberg  3f*  and  a  different  anisotropy 
parameter  y\  gives  dt*  =29.5  meV  and  /=0.234. 
This  may  be  compared  with  Hopfield  and  Thomas's 
results  of  28+  1  meV.  Using  .#•  =27.4  meV  and 
the  energy  levels  for  the  anisotropic  .ituation  puts 
the  energy  gap  for  the  A  valence  band  at  E* 

=  2582  5+0.2  meV  at  7"  =  1.8  K.  When  a  mag¬ 
netic  field  is  applied,  the  n  ^  2  peaks  show  both 
Zeeman  splitting  and  diamagnetic  shifting  to 
higher  energies.  Although  the  it  =3  peaks  shift  to 
larger  energy  more  rapidly,  their  splitting  is  seen  to 
be  nearly  the  same  as  for  the  n  =2  peaks.  At 
higher  fields,  substructure  in  the  2 Pt  state  and  ad¬ 
ditional  structure  in  the  region  of  the  3P  states  are 
observed. 

The  energy  positions  of  these  peaks  are  plotted 
as  a  function  of  magnetic  field  in  Fig.  3.  The  six 
states  2 P0,  2 Pt,  3 P0,  and  3 P±  are  clearly  observed 
with  the  exception  of  2 P0  and  2 P_  at  high  fields, 
which  appear  to  have  merged  together.  This  is  the 
first  time  that  the  3 P  states  of  CdS  have  been  in¬ 
vestigated  in  a  magnetic  field.  An  important  result 
immediately  apparent  from  Fig.  3  is  that  the  3 P- 
exciton  states  become  linear  in  B  at  relatively  low 
fields  in  agreement  with  the  theoretical  calculations 
of  Praddaude.1'’  Thus,  the  linear  slopes  of  the  ex- 
citon  states  become  “Landau-like."25,26 

The  linear  Zeeman  splitting  between  P+  and  P_ 
pairs  is  shown  in  Fig.  4  for  both  the  n  =2  and 
n  =  3  states.  The  straight  line  is  a  best  fit  to  the 
2 P,  states  and  results  in  g2ff  =  6.39  +0.08,  where 
the  energy  splitting  is  defined  by  A Esg^figB. 


3Z-  Hi 
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TABLE  III.  Experimental  values  of  the  zero-field  /4-exciton  energies  in  CdS.  All  energies  given  in  eV. 


Energy 

level 

Transition  energy 

One-photon  results  Two-photon  results 

Hopfield  Litton  Stafford  and  Nguyen 

and  Thomas  (Ref.  1)  el  al.  (Ref.  3)  Sondergeld  (Ref.  6)  et  al.  (Ref.  4! 

This  paper 

isr. 

2.5524 

2.5537 

I  sL 

2.55455 

2.554  55 

25 

2.574  58 

2P0 

2.57508 

2.5754 

2.57464 

2.57521 

2.5745 

2P±i 

2.575  75 

2.5762 

2.575  33 

35 

2.57841 

iPo 

2.5789 

2.57891 

2.5815 

3  P+, 

2.5793 

3D±2 

2.57977 

2.579  23 

n  =4 

2.58094 

2.58018 

2.5809 

Tabid  Y- S  3 


The  splitting  of  the  3 Pt  states  gives  the  slightly 
smaller  value  of  g’ff  =6.09  +  0.20.  According  to 
Table  II  the  2P0Vb  state  should  have  a  g  factor  of 
I  ftii  +g*u  I  •  However,  splitting  of  this  line  is  not 
observed.  If  somehow  the  two-photon  selection 
rule  for  this  state  allowed  transitions  toa  T?  sym¬ 
metry  level,  then  a  g  factor  of  1  gtl  — g*n  |  would 
be  predicted.  Using  gf|i  =  —  1  - 78  and  g*n=  —1.15 
gives  gcff =0.63  which  is  small  enough  such  that 
the  splitting  would  not  be  observed  at  the  low 
fields  where  the  P0  state  is  clearly  resolved  from 
the  state.  We  identify  the  observed  fine-struc¬ 
ture  splitting  of  the  2 P  +  state  with  the  T  |  +  Tz 
and  the  T6  states.  Thus  the  average  g  value  of 
these  two  lines  from  Table  II  is  gtfr  =  |  2 g/in  | 

=  i  2(  1  /mb  —  1  /rrif)  |  =6.39+0.08.  The  energy 
difference  of  the  fine-structure  splitting  of  the  2P+ 
states  is  (  4  I  2g„j[  -fg„,  — g*,,  i  -  4  !  2g„H  -g,V[ 

+8*11 1  'PbB  =  l&H  -gh\\\PeB-  Thus  at  B  =  10 
T,  the  observed  splitting  of  0.29  meV  gives 
ig,l|— g^lii  =0.50.  This  compares  favorably  with 
the  results  of  Venghaus  et  al.11  of  i gfl|  — g*;,  i 
=0.56  +0.05,  with  g,n  =  1.79+0.1  and 
g*,, =  1.23  +  0.1  and  the  results  of  Damen  et  al .,7 
;«*i|-*fli  I  =0.55 ±0.05. 

In  order  to  extract  the  quadratic  diamagnetic 
contribution  to  the  experimental  energy  shifts. 


F.^.  IT. 8.3 

FIG.  3.  Peak  positions,  in  total  photon  energy  fko, 

+  for  the  2  P  and  3  PA  excitons  in  CdS  platelets  as 
a  function  of  applied  B  field.  The  solid  points  were 
determined  experimentally  and  the  solid  curves  are 
theoretically  obtained  from  variational  calculations  of 
the  diamagnetic  shifts  along  with  use  of  the  experimen¬ 
tal  g  factors. 
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FIG  4  Zeeman  splitting  of  the  2 P  and  2P  A  excitons 
t mi  =  + 1 1  in  CdS  as  a  function  of  magnetic  field.  The 
solid  points  represent  the  doublet  splitting  of  the  2/*, 
and  IP  .  pair,  while  the  open  circles  are  splittings  of  the 
3 /*»  and  3 /*_  pair.  The  solid  line  is  a  linear  fit  to  IP 
with  g,n<2P.  I  =6.39 *0.08. 

f;3.  y.6.4 

one-half  of  the  Zeeman  splitting  is  subtracted  from 
the  P+  state  and  added  to  the  P_  state.  The  re¬ 
sults  for  both  2P+  and  }Pt  are  plotted  as  a  func¬ 
tion  of  Bi  in  Fig.  5.  The  lower  dashed  curve  is  a 
straight-line  fit  to  the  experimental  2 P t  points  at 
low  fields,  B  <  3  T.  For  B  >  3  T  the  points  deviate 
significantly;  at  B  =  10  T  the  separation  is  28%. 

The  deviation  from  quadratic  behavior  of  the  3 Pt 
states  is  even  much  more  pronounced.  The  slope 
at  B  =0  gives  the  coefficient  of  the  diamagnetic 
term  from  simple  theory.1  The  upper  dashed 
straight  line  near  the  3 Pt  states  has  a  slope  6 
times  that  for  the  2Pt  as  expected  from  this 
theory. 

The  diamagnetic  shifts  for  the  2 P  and  3 P  slates 
were  calculated  using  the  variational  method 
described  in  the  theory  section.  The  solid  lines  in 
Fig.  5  show  the  results  of  these  calculations.  The 
fit  is  quite  good.  In  Fig.  6  the  diamagnetic  shifts 
versus  B  are  shown  for  all  the  exciton  states.  Ex¬ 
cellent  agreement  is  found  between  the  experiment 
and  theory.  We  note  here  that  only  one  adjustable 
parameter  /i,  was  used  to  fit  the  field  dependence 
of  all  six  exciton  states  simultaneously.  The  best 


B  (T) 

0  J  5  7  8  10 


FIG.  5.  Diamagnetic  shift  of  the  2 P±  and  3 P±  A- 
exciton  peaks  in  CdS  as  a  function  of  applied  B  field 
squared.  The  solid  points  represent  the  IP  shift  and  the 
open  circles  are  for  }P.  The  diamagnetic  shift  is  deter¬ 
mined  by  subtracting  one-half  the  Zeeman  splitting  from 
the  total  magnetic-field-induced  shift.  The  lower  dashed 
straight  line  is  a  fit  to  the  2 P  excitons  at  low  fields.  The 
solid  curves  arc  theoretical  values  determined  from  a 
vanational  calculation  which  includes  level  interactions. 
The  upper  dashed  curve  is  a  straight  line  with  six  times 
the  slope  of  the  lower  dashed  curve. 

Fi  5.  ¥.0.5* 

value  was  found  to  be  ju,  =0.158*0.002,  using 
jf*  =27.4  meV  and  y  =  0.797,  which  were  deter¬ 
mined  previously  from  the  B  =0  energies.  As  a  fi¬ 
nal  test,  the  sum  of  the  diamagnetic  contribution 
from  the  theory  and  the  experimentally  determined 
Zeeman  splitting  is  shown  in  Fig.  3  for  all  2 P  and 
3 P  states.  Again,  very  good  agreement  is  seen  be¬ 
tween  the  experimental  points  and  the  theory. 

Using  our  experimentally  determined  values  for 
.4*  and  \i .  in  Eq.  (2)  gives  a  value  of  the  mean 
dielectric  constant  K  =8. 9  *0.2  This  and  other 
material  parameters  are  listed  in  Table  IV  along 
with  values  determined  by  other  experiments. 

Individual  values  for  the  electron  and  hole 
masses  will  now  be  extracted  from  our  data  in  the 
most  self-consistent  manner.  Two  methods  give 
results  for  both  m,  and  (a)  using  our  values 
for  /ij  and  gM  and  <b)  using  our  values  for  /ij  and 
the  exciton  translational  mass  determined  from 
resonant  Bnllouin  scattering  experiments. 21  These 


i 


ir-  V3 

25  TWO-PHOTON  MAGNETOSPECTROSCOPY  OF  /4-EXCITON  .  .  .  7675 


TABLE  IV.  Material  parameters  for  CdS.  The  values  given  are  for  low  temperature  ( T  =  1.8  K)  and  for  the  A 
valence  band. 


Parameter 

Definition 

Present  results 

Other  results 

Reference 

Comments 

M.'4 

2  #K2 

27.4+0.8  meV 

28  +  1 

1 

from  B  =0  energies 

r 

(Mi*'.) 
(Mill'll ) 

0.797  +  0.013 

3-2/ 

y+i 

0.793 

1 

from  y'=0.222  of 

in  terms  of 
anisotropy  / 
in  Ref.  1 

Ref.  1 

E 4 

2.5825  +  0.0002 

eV 

2  582  eV 

31 

Mi 

-V-+  " 

m,  m* 

(0. 158+0.002)m0 

(0. 16)m0 
(0.  l6+0.03)m0 

1 

27 

from  diamagnetic  shifts 
and  fit  to  variational 
calculations 

K  =(KlK,lil/I 

Mi'4 

S.9+0.2 

8.5 

8.7 

10 

29 

unpublished  results  of 
Barker  and  Summers  mentioned 
in  Ref.  29 

l*»l|-**ll  1 

0.50+0.15 

0.62  +  0.06 
0.56+0.05 

0.55  +  0.05 

1 

27 

7 

1  2*al(  1 

|  mh  m. 

6.39+0.08 

6.60 

1 

m‘ 

(0.2l0+0.003)m0 

<0.205 +  0.003)m0 

(0.204  +  0.0 10)m0 
<0  190  +  0.002  )m0 

28 

1 

29 

from  Mi  *™i  g„N 
from  Mi  *nd  exciton 
mass  of  (0.89+0.  l)m0 
given  in  Ref.  28 

mi 

(0.64  +0.02)m0 

(0.685  +0.013>m0 

(0  7i0.1lm0 

28 

1 

from  Mi  «kI  gP|| 
from  Mi  lnd  exciton 
mass  of  (0.89*0.01  )m0 
given  in  Ref.  28 

Tabltf  T5T  B  *+ 
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FIG.  6.  Diamagnetic  shift  of  the  IP  and  IP  A  exci- 
tons  in  CdS  as  a  function  of  applied  B  field.  The  exper¬ 
imental  points  for  the  P0  states  are  the  field-induced 
shifts,  and  the  points  for  P±  are  obtained  by  taking  the 
average  of  the  F+  and  P  field-induced  shifts.  The 
solid  curves  were  determined  from  Larsen's  variational 
calculations  as  described  in  the  text.  Only  one  adjust¬ 
able  parameter  /i,  =(0. 158±0.002)mo  was  needed  to 
simultaneously  fit  all  curves. 

Fl^-  TT-B-t 

results  are  tabulated  in  Table  IV  along  with  previ¬ 
ously  published  results,  including  those  of  Henry 
and  Nassau29  for  m,1, 

The  temperature  dependence  of  the  A  gap  is 
shown  in  Fig.  7.  The  low-temperature  data  points 
were  determined  from  the  energy  of  the  2 Pt  level 
at  B  =0  as  a  function  of  temperature.  Above 
T  =  35  K  the  peak  could  not  be  observed  above  the 
noise  level.  Our  data  smoothly  connects  with  re¬ 
sults  from  luminescence  by  Benoit  a  la  Guillaume 
et  al.K  and  reflectivity  by  Thomas  and  Hopfield.'1 

In  summary,  we  have  shown  that  high-resolution 
two-photon-induced  photoconductivity  spectra  are 
useful  in  studying  absorption  processes  in  semicon¬ 
ductors.  The  chief  advantage  of  two-photon  ab¬ 
sorption  is  that  it  is  a  bulk  process,  and  for  strong 
absorption  does  not  demand  micrometer-thick  sam¬ 
ples  or  special  attention  to  sample  surfaces.  The 
high  resolution  allows  us  to  determine  the  anisotro¬ 
py  splitting  of  the  IP  and  IP  free-exciton  states  at 


FIG.  7.  Temperature  dependence  of  the  A  energy  gap 
in  CdS.  The  solid  points  for  E*  were  derived  from  the 
positions  of  the  A  (2P+  )  exciton  peaks  by  subtracting  a 
constant  binding  energy  (assuming  a  temperature- 
independent  effective  Rydberg).  The  open  squares  are 
from  luminescence  studies  of  Benoit  a  la  Guillaume 
et  al.  (Ref.  30)  and  the  open  circle  is  from  the  reflectivi¬ 
ty  measurements  of  Thomas  and  Hopfield  (Ref.  31). 

F,  g.  Y  B1 

zero  magnetic  field.  These  states  show  the  expect¬ 
ed  linear  Zeeman  and  quadratic  diamagnetic 
dependence  at  low  field.  At  higher  fields  the  ener¬ 
gy  levels  show  a  departure  from  the  quadratic 
diamagnetism.  This  is  especially  striking  for  the 
higher  quantum  level  3 P  states.  At  these  fields 
(B  >  2  T)  the  IP  states  show  a  linear  field  depen¬ 
dence  similar  to  the  Landau-level  behavior.  These 
effects  are  due  to  the  mixing  of  states  via  the  di¬ 
amagnetic  interaction.  The  magnitude  of  the  devi¬ 
ation  is  fitted  quite  well  by  a  variational  method 
due  to  Larsen.  Also,  at  the  higher  fields  (B  >  6  T) 
we  see  evidence  of  fine-structure  splitting  of  the 
levels  due  to  the  small  difference  of  the  electron 
and  hole  spin  g  values.  Finally,  accurate  values  for 
the  effective  Rydberg  and  energy  gap  are  deter¬ 
mined  by  the  zero-field  exciton  levels,  as  well  as 
the  effective  electron  and  hole  masses  from  the 
Zeeman  splitting  and  diamagnetic  interactions. 
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High-resolution  spectra  are  obtained  for  the  free  A  and  B  excitons  in  CdS  by  two-photon 
absorption  photoconductivity  techniques  at  1.8  K.  At  zero  applied  magnetic  field,  spectra 
are  shown  which  indicate  for  the  first  time  the  presence  of  anisotropy  splitting  of  the  5(25) 
exciton  states.  The  first  observation  of  the  5(35)  exciton  state  at  5=0  T  then  allows  the 
conclusion  that  both  the  effective  Rydberg  and  the  anisotropy  parameter  of  the  A  and  B  ex¬ 
citons  are  the  same.  This  further  indicates  that  the  A  and  B  valence-band  masses  are  equal. 
These  conclusions  are  confirmed  by  the  first  observation  of  the  Zeeman  splitting  of  the 
5(25+1 )  and  5(35  +  |)  exciton  states  at  fields  up  to  10  T.  Fine-structure  splitting  of  the 
B( 25 *  i )  and  5(25_i )  states  results  from  an  effective  g  factor  for  the  5  valence  band  of 
g*  =  0.7±0.3. 


INTRODUCTION  AND  BACKGROUND 

There  have  been  a  number  of  studies  over  the  past 
20  years  that  have  provided  detailed  information 
about  the  nature  of  the  free  A  exciton  in  CdS  and  its 
behavior  in  a  magnetic  field.  Linear  spectroscopy 
using  one-photon  absorption,  one-photon  emission 
or  luminescence,  or  one-photon  reflectance  tech¬ 
niques  allowed  various  features  of  the  magneto¬ 
optical  effects  in  the  A -exciton  spectrum  to  be  inves¬ 
tigated.'  “ 7  The  primary  features  were  Zeeman 
splittings  and  diamagnetic  shifts  from  which  effec¬ 
tive  masses  and  g  factors  for  the  conduction  band 
and  A  valence  band  were  extracted.  The  A-exciton 
.  spectra  of  cadmium  sulfide  has  also  been  extensively 
investigated  using  two-photon  absorption  (TP A) 
techniques.8-14  This  form  of  nonlinear  spectros¬ 
copy  has  several  advantages  over  one-photon  spec- 
T  troscopy:  (1)  less  sensitivity  to  crystal  surface  quali- 
I  ty  and  crystal  thickness  (since  TP  A  is  a  bulk  effect); 
(2)  different  selection  rules  allowing  different  eigen- 

I  states  to  be  investigated;  and  (3)  more  transitions  are 
possible  because  of  the  flexibility  of  using  two  pho¬ 
tons  of  different  polarization. 

The  A  valence  band  as  well  as  the  conduction 

I  band  have  been  well  characterized  in  previous  stud¬ 
ies  (see  Table  IV  of  Ref.  14).  In  contrast,  little  in¬ 
formation  is  available  about  the  B  valence  band. 


This  is  due  to  the  difficulty  in  obtaining  well- 
resolved  free-exciton  spectra.  In  this  paper  we  in¬ 
vestigate  free  excitons  associated  with  the  B  valence 
band  using  two-photon  spectroscopy  techniques. 
Application  of  a  magnetic  field  allows  Zeeman  split¬ 
tings  and  diamagnetic  shifts  of  the  5— free-exciton 
states  to  be  observed.  The  results  and  analysis  pro¬ 
vide  new,  quantitative  information  about  the  B 
valence  band. 

High-purity,  single-crystal  platelets  of  CdS  were 
used  in  the  as-grown  condition.  “Good”  crystals 
[those  showing  clear  resolution  of  the  AI2P0 )  lines 
at  5=0  with  full  width  at  half  maximum  (FWHM) 
linewidths  —0.3  meV]  had  dark-room-temperature 
resistivities  >  106  flcm.  The  free-exciton  spectra 
were  taken  by  observing  the  increase  in  light  absorp¬ 
tion  as  monitored  by  the  increase  in  sample  conduc¬ 
tivity  as  a  function  of  photon  energy.  This  has  pre¬ 
viously  been  shown  to  be  a  sensitive  method  of  in¬ 
vestigating  TPA  effects  in  InSb  (Refs.  15  and  16) 
with  cw  lasers  and  in  CdS  (Ref.  14)  with  pulsed 
lasers. 

A  Q-switched  yttrium  aluminum  garnet  laser  was 
used  to  produce  two  light  beams,  one  tunable 
(1700<flw„  <  1834  meV)  from  a  dye  laser  and  the 
other  fixed  at  fko„  =  784  meV  produced  by  stimulat¬ 
ed  Raman  scattering.1 7  The  visible  and  infrared  (ir) 
beams  were  made  to  overlap  in  time  and  were  corn- 
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bined  collinearly  before  being  focused  onto  the  sam-  To  obtain  expressions  for  the  magnetic  field  split- 

pie.  The  samples  were  mounted  in  a  Dewar  contain-  tings  of  either  transitions  requires  the  forms  of  the 

ing  pumped  liquid  He  at  1.8  K.  The  optical  Dewar  exciton  eigenfunctions.  The  presence  of  splitting 

tail  was  mounted  in  a  2-in.  Bitter  magnet  solenoid  can  al.ernatively  be  deduced  from  consideration  of 

having  radial  access  to  the  light  in  a  Voigt  conftgu-  the  symmetry  of  the  field  itself,  either  as  a  perturba- 

ration.  The  applied  current,  c  axis,  and  B  field  were  tion  in  the  symmetry  group,  or  as  the  cause  of 
all  parallel.  Spectral  scans  were  taken  via  a  comput-  symmetry  reduction  to  C„.  For  all  but  the  2 f5( ±  t ) 

er  that  read  the  photoinduced  voltage  from  a  boxcar  states,  the  eigenfunctions  are  easy  to  find.  They  are 

integrator  with  an  analog-to-digital  converter  while  just  the  symmetry  adapted  basis  functions  based 

scanning  the  tunable  dye  laser  through  a  stepping-  upon  the  T 7  conduction,  T valence,  and  hydrogenic 

motor-shaft-encoder  combination.  functions.  The  valence-band  eigenfunctions  are  dis- 

From  the  group  theory  of  the  double  group  cussed  by  Mahan  and  Hopfield.18  Ignoring  the  k  p 

one  can  determine  both  the  radiation  selection  rules  mixing  of  the  bands,  and  omitting  the  relatively 

for  the  excitonic  states  of  CdS  and  the  nature  of  the  small  spin-orbit  mixing  of  the  Z  states  into  the  B 

magnetic  field  splittings  of  the  various  levels.  A  full  levels  the  essential  form  of  the  eigenfunctions  is 

analysis  for  the  /l -exciton  problem  was  summarized  given  by  (A"  + 1 VI 1  *  and  {X  —  iK)l*.  The  conduction 

by  Seiler  et  al.[*  for  T -point  transitions.  Specific  re-  states  we  term  t,  and  lt.  Symmetry  adapted  exci- 

sults  pertaining  to  one-photon  absorption  of  the  B  ton  functions  are  included  in  Table  I.  The  T 5  pair 

excitons  are  given  by  Mahan  and  Hopfield18  and  for  are  degenerate  in  the  absence  of  an  applied  magnetic 

two-photon  absorption  (in  ZnO)  by  Dinges  et  al.1'1  field.  The  T i,T 2  states  are,  strictly  speaking,  the  an- 

The  symmetries  of  the  B  exciton  at  the  F  point,  are  tisymmetnc  and  symmetric  combinations  of  the 

obtained  from  the  direct  product  of  the  r7  functions  shown.  When  the  field  splitting  is  larger 

conduction-band  symmetry,  the  T ^  ( B )  valence-band  than  the  crystal-field  splitting  of  the  excitonic  levels, 

symmetry,  and  the  symmetry  of  the  hydrogenic  then  the  eigenfunctions  will  be  those  corn- 

functions  (T |  for  S  or  P0  functions,  r5  for  the  pair  binations  of  specific  spins  (the  functions  written 
of  P±  functions).  out).  Only  the  2 T 5( /* ±  | )  states  are  not  uniquely 

Radiation  selection  rules  for  both  one-  and  two-  specified  by  group-theoretical  analysis;  they  are  ap- 

photon  absorption  follow  from  this  while  recogmz-  propriate  linear  combinations  of  the  four  functions 

ing  that  the  radiation-matter  interaction  has  symme-  shown.  We  will  not  consider  this  case  any  further 

try  T,  for  the  electric  field  parallel  to  the  crystal  since  the  (|i,l)  geometry  was  not  used  in  the  present 

c  axis  (E||c)  and  r5  for  Elc.  Two-photon  interac-  experiment. 

tions  thus  have  the  symmetries  T,.  T,  and  For  states  other  than  T 5(/>± i )  we  obtain  the  mag- 

(r,  +  r2  +  r6),  respectively,  for  the  configurations  "itude  of  ,he  8  va,ue  by  defining  the  conduction- 

ill,!!),  (11,1),  and  (i,l).  The  allowed  radiative  transi-  band  spin-splitting,  ir  -  to  be  g,pBB,  the  valence 
tions  (rMCItonx  r,nIer,cllom  containing  the  symmetric  splitting, 
irreducible  representation)  are  summarized  in  Table 

I,  for  the  zero  magnetic  field  case.  ( X  +  iY  )1*  —  (X  -/K)t*  , 

TABLE  I.  CdS  B-exciton  states  and  their  symmetries.  The  allowed  one-  and  two-photon 
transitions  and  their  polarizations  are  shown  for  Elc  and  E||c.  The  corresponding  eigen¬ 
functions  and  g  values  in  the  presence  of  a  magnetic  field  B!  I  c  are  also  given. 

Polarization 


State 

Symmetries  One-photon 

Two-photon 

Eigenfunctions 

g  values 

S,Po 

r,  1 

(li.l) 

X  +iY)tk\,S,P0 

X -iY)tki,S,P0 

1  gk+g, ! 

r2 

(1.1) 

X  +iY)lki,S,P0 

a 

r,  i! 

t||,||)  or  (1,1) 

X  -iT)T»T,S,P0 

l*A  +*♦  1 

p,  r, 

2r, 

r2 

_ n_ 

Table  7.  B-5" 


a.i) 

<||, ID  or  (1,1) 


(X  +ir  )l*  UP* 
l. X  - iYHkl.P _ 

IX  +iY)thi,P± 

x  -inr.t.Pi 

X  +iY)li,\,P. 
X-iY)lkl.P+ 


1 2*; +**-*-«,  i 


1 2gi— g*-g« ! 
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to  be  given  by  g*  and  the  hydrogenic  orbital  split¬ 
ting,  P+  —P_,  by  2gf.  The  tabulated  g  values  fol¬ 
low  from  the  forms  of  the  eigenfunctions.  A  further 
consequence  of  the  field  is  that  the  selection  rules 
for  the  r,,r2  states  become  mixed;  thus,  for  both 
states  one-photon  absorption  is  allowed  for  E||c  and 
two-photon  absorption  for  either  (||,||)  or  (1,1)  con¬ 
figurations. 

RESULTS 

B=0 

TPA  results  for  the  free  B  excitons  at  zero  mag¬ 
netic  field  are  shown  in  Fig.  1  in  the  upper  three 
traces.  Also  shown  for  direct  comparison  is  a  high- 
resolution  TPA  spectra  for  the  A  excitons.  Several 
conclusions  can  be  drawn  from  this  figure.  ( 1 )  The 
quality  of  these  CdS  crystals  is  “good”  because  there 
is  a  clear  resolution  of  the  splitting  between  the 

D(UV  •  1WU|R  [nwV|  -  B  EXCITONS 


2574  257S  2578  2580  2582 


B(uy  •  8(UW  IimVI  -  X  EXCITONS 

FIG.  1.  Two-photon  photoconductivity  spectra  for  the 
A  and  B  free  excitons  in  CdS  at  B= 0  T.  The  bottom 
trace  A  shows  the  high  resolution  of  the  A  excitons  with 
the  AUPo)  -A(2P*t)  anisotropy  splitting  clearly 
resolved  The  three  upper  traces  show  spectra  of  the  B 
excitons  which  have  a  much  larger  linewidth.  The  pres¬ 
ence  of  a  B(2Pn)  component  is  indicated  by  the  asym¬ 
metric  lineshape  in  the  vicinity  of  the  dashed  line  near  the 
2P0  state.  The  instrumental  resolution  of  0  1  meV  is  nar¬ 
rower  than  the  intrinsic  linewidth  of  the  excitons. 

Fig-  y  B  8 


A  { 2P o )  and  A(2P±l)  spectral  positions.  The 
FWHM  linewidth  for  the  A  (2P±I)  state  is  0.3  meV. 
The  signal-to-noise  ratio  is  also  sufficient  to  resolve 
the  n  =  3  and  n=4  A  excitons  at  5=0  T.  A  more 
detailed  analysis  of  these  A  (25)  and  A  (35)  excitons 
was  presented  earlier  by  Seiler  el  al.u  Clearly,  the  5 
excitons  have  a  much  larger  FWHM  linewidth 
(values  from  ~ 0. 7  — ►  1 . 1  meV  have  been  observed  in 
“good”  crystals,  with  an  average  over  five  spectral 
runs  equal  to  ~0.9  meV).  The  5-exciton  lines  are 
broader  because  their  lifetimes  are  shorter  than 
those  of  the  A  excitons.  (2)  Since  the  5  excitons 
have  larger  linewidths,  it  has  been  difficult  to  ob¬ 
serve  the  anisotropy  splitting  between  the  5(250) 
and  5(25+])  states.  However,  we  show  in  Fig.  1 
three  spectral  scans  of  the  5(25)  region  that  con¬ 
sistently  show  strong  evidence  for  the  presence  of 
the  5(250)  component  as  indicated  by  the  asym¬ 
metry  in  the  line  shape.  Although  the  5(250)  state 
is  not  clearly  resolved,  we  estimate  that  its  position 
is  at  2590.2±0.2  meV.  In  spectra  where  a  good 
baseline  could  be  established,  subtracting  off  a  large 
symmetric  5(25+,)  peak,  resulted  in  a  peak  at  this 
position.  This  is  the  first  observation  of  this  state. 
The  anisotropy  splitting  of  the  5(25)  state  is  thus 
estimated  to  be 

5(25+i )  — 5(250)=0.6  ±0.2  meV  , 
compared  to  that  of  the  A  (25), 

A(2P±  |  )~A  (250)  =  0.69 ±0.02  meV  . 

(3)  The  energy  separations  between  the  35+ 1  and 
25+i  states  are  also  the  same  within  the  uncertain¬ 
ties.  For  the  A  exciton,  this  splitting  is  3.97 ±0.11 
meV  and  for  the  5  exciton  3.8±0.2  meV.  This  also 
represents  the  first  time  that  the  5(35)-exciton  state 
has  been  observed.  See  also  Fig.  2  at  5=0  for  a 
clear  resolution  of  the  5(35)-exciton  state. 

Several  important  conclusions  can  now  be  made 
from  these  observations.  Points  (2)  and  (3)  give 
strong  support  that  the  effective  Rydberg  R * 

( =file*/2frfi2)  and  the  anisotropy  parameter  y 
(=/i1Aki/^||/k||)  of  the  5  excitons  are  equal  to  those 
of  the  A  excitons.  Thus 

R*b=R*a  =  27.4+0. 8  meV 
and 

^  =  ^  =  0. 797  +  0.013 

(see  Ref.  14  for  the  ,4-exciton  values).  Assuming  K, 
and  K||  are  the  same  for  both  the  A-  and  5-exciton 
regions  implies  that 

(i)  /if=ji|,  =  <0. 158  + 0.002  )m0 
and 
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FIG.  2.  Photoconductive  response  vs  total  photon  ener¬ 
gy  fux ■,  r  fuo„  near  the  fl-exciton  region  for  various  mag¬ 
netic  Fields.  The  magnetic  Field  B  was  parallel  to  the  hex¬ 
agonal  c  axis  in  a  Voigt  configuration  with  E  perpendicu¬ 
lar  to  c  for  the  two  photons  at  a  lattice  temperature  of 
Tl  =  1.8  K.  The  presence  of  the  overlapping  A  (4 P)  exci- 
tons  is  indicated. 

F.^-ire 

mht  =f»ht  =(0.64  +  0. 02  )m0 
[using  m.  =(0.2 10 ±0.003)  m0]  and  (ii)  or 

mh\\  —  mh\\- 

Table  II  shows  the  results  of  previously  measured 
values  of  the  excited  fl-exciton  states  and  the  results 
of  this  study.  Our  position  for  the  B(2P±{)  state  is 
in  excellent  agreement  with  the  TPA  studies  of  Staf¬ 


ford  and  Sondergeld9  and  Jackel  and  Mahr.u  Tak¬ 
ing  into  account  the  anisotropy  by  using  Faulkner’s 
analysis  as  was  done  for  the  A  exciton14  determines 
the  B  energy  gap  to  be 

£/  =  2598.0 ±0.2  meV  . 

Hopfield  and  Thomas2  determined  the  position  of  a 
£(n  =21  state  to  be  2590.8  eV,  which  is  in  excellent 
agreement  with  our  B(2P^)  level  [presumably  their 
state  was  a  B(2S)  level  because  they  used  one- 
photon  spectroscopy]. 

B?t0 

The  application  of  a  magnetic  field  allows  shifts 
and  Zeeman  splittings  of  individual  exciton  states  to 
be  measured.  In  fact,  magneto-optical  studies  allow 
determination  of  exciton  parameters  and  the  corre¬ 
sponding  energy-band  parameters  of  the  semicon¬ 
ductor.  Figure  2  shows  the  effect  of  the  magnetic 
field  on  the  B  -free-exciton  spectra.  At  B  —  0  T 
both  the  B{2P)  and  the  fl(3£)  are  clearly  seen.  A 
study  of  Fig.  2  shows  one  major  feature:  the  B(2P) 
state  splits  into  two  parts,  presumably  2 P+i  and 
2P_|  states.  At  fields  >  7  T,  there  also  appears  to 
be  a  fine  structure  splitting  to  these  2 Pt ,  states.  We 
shall  return  to  this  feature  later.  At  fields  >  6  T, 
the  Bi2P)  spectral  region  becomes  very  complex  due 
to  the  overlapping  of  the  A  (4£0,4P. ,  )-exciton 
states.  The  energy  positions  of  these  photoconduc- 
tive  peaks  are  plotted  in  Fig.  3  as  a  function  of  mag¬ 
netic  field.  This  shows  the  complex  nature  of  the 
exciton  structure  and  can  be  used  to  identify  the 
spectral  features  shown  in  Fig.  2.  We  also  point  out 
that  this  is  the  first  time  the  magnetic  field  depen¬ 
dence  of  the  -4(4P)  excitons  has  been  determined. 
The  B(2P0)  state  could  not  be  identified  in  any  of 
the  spectral  features  present  at  finite  magnetic 
fields. 

According  to  Table  1  for  (1,1)  polarization  two 
exciton  states  of  symmetry  Ti  +  rj  and  T can  be 
observed  with  effective  g  factors  of  |  2 g®  — g,  — g®  | 


TABLE  II.  Measured  values  of  excited  B-exciton  states  (in  meV). 


Energy 

level 

One-photon 
emission 
[Litton  et  al. 
(Ref.  4)] 

Nguyen 
et  al. 
(Ref.  10) 

Two-photon  absorption 
Stafford  Jackel 

and  Sondergeld  and  Mahr 

(Ref.  9)  (Ref.  13) 

Present  work 

25 

2585.2 

IPo 

2590.26±0.2 

2P±, 

2593.5 

2590.5 

2590.8 

2590.86±0.05 

35 

2589.2 

iPo 

3  Ptl 

2594.6  ±0.1 

45 

2590.7 

Table  B'£> 
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FIG.  3.  Peak  positions  in  total  photon  energy 
fkou  +  fuo„.  for  the  A(2P\  AH P.  A'AP),  B[2P\,  and 
B ( 2P)  excitons  as  a  function  of  applied  magnetic  field  B 
The  solid  points  were  determined  experimentally  while  the 
lines  for  the  Al2P)  and  .4(3/’)  represent  the  variational 
calculations  done  in  Ref.  14.  Straight  lines  are  drawn 
through  the  AiAP)  levels.  The  lines  drawn  through  the 
B{2P±)  and  BHP+  )  points  are  the  same  as  the  theoreti¬ 
cal  variations  of  the  A(2Pi  )  and  A  t  iPt  I  levels. 

and  i  2g "  +  g,  +  g®  | ,  respectively.  The  Zeeman 
splittings  are  given  by  A  E  =  gcfrpBB,  where  fiB  is 
the  Bohr  magneton.  Thus  the  average  splitting  of 
these  two  symmetry  states  is  given  by 

2g®  =6. 4  +  0. 4 

from  our  data.  Using  the  definition  of 

and 

mrl  =  0.210  +  0.003m0 

gives  rnSi  =0.64±0. 17m0.  This  mass  value  is  the 
same  as  that  of  the  A  band  which  agrees  with  the 
conclusions  of  the  zero  magnetic  field  results  dis¬ 
cussed  earlier. 

The  fine-structure  splitting  of  the  B(2Pt)  states 
can  be  used  to  determine  gf  from  geff  =  |  gt  +g®  | . 
For  fields  >7T,  the  fine-structure  splitting  of  these 
states  does  appear  to  be  evident  in  Fig.  4,  indicated 
by  the  down-pointing  arrows.  From  the  experimen¬ 
tal  splitting,  g,ff  =  1. 1  +0.3,  which  along  with 
gt  =  —  1.78  gives  g®  =  0.7  ±0.3.  Also  shown  by 
dashed  arrows  are  the  A(4PQ,4P±)  exciton  states. 
At  9  T  the  region  around  the  B[2Pt )  is  rather  com¬ 
plex  making  identification  of  the  spectral  features 


FIG.  4.  High-resolution  photoconductive  spectral 
scans  in  the  region  of  the  Bi2P)  exciton  at  various  mag¬ 
netic  fields.  The  dashed  lines  show  the  overlapping  A  (4P'i 
excitons,  while  the  solid  arrows  pointing  down  indicate 
the  fine-structure  splitting. 

F,-$.  "ST 6- II 

difficult.  We  point  out  that  these  spectral  features 
are  reproducible  from  run  to  run. 

The  high  resolution  obtainable  by  the  two-photon 
spectroscopy  technique  is  illustrated  in  Fig.  5,  where 
a  spectral  scan  over  both  the  A-  and  S-exciton  re¬ 
gions  at  B=  10  T  reveals  a  wealth  of  structure. 
Principal  features  that  can  be  clearly  identified  are 
shown.  Additional  structure  is  present  which  has 
not  been  identified  as  yet.  Again  we  point  out  that 
the  photoconductive  spectral  features  are  reproduci¬ 
ble,  so  that  each  peak  no  matter  how  small  is  physi¬ 
cally  meaningful.  The  dominant  spectral  features 
arise  from  the  excitons  and  not  just  transitions  be¬ 
tween  Landau  levels.  This  conclusion  is  in  contrast 
to  an  earlier  conclusion  by  Shah  and  Damen3  that 
excitonic  effects  are  apparently  not  important  for 
N  >  2,  where  N  is  the  Landau-level  number. 

The  lines  plotted  in  Fig.  3  for  the  A{2P)  and 
A  ( 3 P)  excitons  represent  the  theoretical  dependence 
obtained  from  variational  calculations  as  explained 
in  Ref.  14.  Straight  lines  are  drawn  through  the 
data  points  representing  the  A(4P)  states;  no  at¬ 
tempt  was  made  to  calculate  their  dependence  on 


2360 


V>  51 

D.  G.  SEILER,  D.  HEIMAN,  AND  B.  S.  WHERRETT 


27 


FIG.  5  High-resolution  two- photon  spectra  for  B  -  10  T,  showing  the  complexity  of  the  A-  and  B-exciton  struture. 

Fl'g  .  Y-8' 


field  because  of  the  difficulty  of  carrying  out  varia¬ 
tional  calculations  for  the  higher  excited  states.  The 
lines  shown  for  the  B[2Pi  and  B(3P)  states  are  the 
shifted  replicas  of  the  theoretical  variation  of  the 
A(2P±i)  and  states  with  magnetic  field. 

Consequently,  the  good  correspondence  shown  in 
Fig.  3  reflects  the  fact  that  the  parameters  of  the  B 
exciton  are  very  similar  to  those  of  the  A  exciton. 


SUMMARY  AND  CONCLUSIONS 

The  results  of  our  two-photon  spectroscopy  mea¬ 
surements  and  analysis  are  shown  in  Table  III  along 
with  the  few  values  determined  by  other  experiments 
and  the  theoretical  results  of  Mahan  and  Hopfield.1* 
Our  results  for  y,  and  g*  differ  most  signifi¬ 
cantly  from  the  values  estimated  previously  as 
shown  in  Table  III.  We  believe  that  our  measure¬ 


ments  represent  the  most  direct  and  hence  most  ac¬ 
curate  means  of  determining  these  values  at  present. 

In  summary,  we  have  for  the  first  time  (1)  shown 
evidence  for  the  anisotropy  of  the  B  valence  band  by 
giving  evidence  for  the  presence  of  the  B(2Pp)  exci¬ 
ton  at  B  =  0  T,  (2)  observed  the  B(iP)  exciton  at 
#  =  0  T,  (3)  determined  the  magnettc  field  depen¬ 
dence  of  the  A  [APt)APtl  I  excitons,  (4)  observed  Zee- 
man  splitting  of  the  B(2Ptt)-  and  B(3f>iI)-exciton 
levels,  and  finally  (5>  given  evidence  for  the  fine- 
structure  splitting  of  the  Bi2P+,)-  and  B(2/>_|)- 
exciton  states.  Consequently,  we  can  conclude  that 
two-photon  spectroscopy  is  a  valuable  technique  of 
investigating  semiconductor  energy-band  structures. 

ACKNOWLEDGMENTS 

We  thank  D.  Reynolds  and  C.  Litton  for  supply¬ 
ing  the  excellent  quality  CdS  crystals  and  D.  Spears 


TABLE  III.  CdS  B-exciton  and  fl-band  parameters. 

T: 


Reference 

(meV) 

r 

Hi  1"1„> 

m* i  <m0) 

E*  <eV) 

gk 

This  paper 

Blattner  er  al 

27  A 

0  797 

0.158 

0,64  ±0. 1 7 

2548.0*0  2 

0.7  *0.3 

(Ref.  7) 

Koteles  and 

Wintering  (Ref.  20) 

Broser  and 

1.1 

1.0*0.  1 

1  8 

Rosenzweig  (Ref.  21) 

Mahan  and  Hopfield 
(Ref.  18) 

Segall  and  Marple 

-  to  •’ 

0.17 

1.1 

10-1.2 

(spherical-band  approximation) 

(Ref.  22) 

0  156 

2598.1 

Table  1.3  1 
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exciton  states.  Zeeman  splittings  and  diamagnetic  shifts  are  observed  and 
analyzed . 
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Two-Photon  Spectroscopy  of  the  A-and  B- 
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High  resolution  two-photon  absorption  (TPA)  spectra  are  obtained  for  the 
free  A-and  B-  exciton  excited  states  in  CdS  using  photoconductivity  techni¬ 
ques.  To  our  Knowledge  this  is  the  first  time  that  the  potoconductivity  tech¬ 
nique  has  been  used  to  obtain  the  TPA  spectra  of  free  excitons  in  semiconduc¬ 
tors.  At  zerG  magnetic  field,  anisotropy  splittings  of  the  exciton  states  are 
observed  and  analyzed.  Application  of  magnetic  fields  up  to  10  T  result  in 
linear  Zeeman  splittings  arid  diamagnetic  shifts  of  the  exciton  states. 

fhe  single  crystal  samples  of  CdS  were  high  purity  platelets  grown  from 
the  vapor  phase  and  had  tnicknesses  of  -10"^  cm.1  Good  crystals  showed  clear 
resolution  of  the  A( 2P0 )  line  from  the  A(2P+j)  line  at  B  =  0  T  with  FWHM 
iinewidths  =0.3  me V .  The  two-photon  spectra  of  the  exciton  states  were  taken 
by  ooserving  the  increase  in  conductivity  from  the  light  absorption  as  a 
function  of  photon  energy.  This  method  has  been  used  recently  by  Seiler 
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et  al . in  studying  two-ohoton  effects  in  InSb  using  only  cw  CO2  lasers.  Here 
a  Q-switched  YAG  'aser  was  used  to  produce  the  two  light  beams;  one  tunable 
at  =1.8  eV  from  a  dye  lase1"  and  the  other  fixed  at  0.784  eV  produced  by  stimu¬ 
lated  Raman  scattering.  The  two  photons  are  simultaneously  absorbed  when 
rneir  sum  is  maae  equal  to  the  exciton  level.  Since  both  photon  energies  are 
below  the  gap  the  absorption  occurs  throughout  the  bulk  of  the  sample  which 
places  less  importance  or.  the  sample  surface.  The  spectra  resolution  is  de¬ 
termined  by  the  linewidth  of  the  laser  which  is  less  than  0.05  meV.  Spectral 
scans  were  taken  via  a  computer  that  read  a  boxcar  integrator  output  with  an 
anal og-to-digi t '1  converter  while  scanning  the  tunable  dye  laser  through  a 
stepping  motor/shaft  encoder  combination.  At  zero  magnetic  field,  the  A(2P), 
(3P),  and  (4P)  and  B(2P)  and  (3P)  free  exciton  states  can  be  seen.  The  aniso¬ 
tropy  splitting  of  fhe  A(2P)  and  \3p)  states  is  observed  and  interpreted  with 
an  anisotropic  effective  mass  Hamiltonian  which  is  solved  with  variational 
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calculations  originally  developed  by  Larsen.^  At  3  -  G  the  narrow  laser  line- 
widths  (0.05  meV)  allow  an  accurate  determi nation  of  the  A-exciton  binding 
energy  of  27.4  ±  0.8  meV  and  the  anisotropy  parameter  of  0.  797  ±  0.013  from 
which  the  energy  gap  Eg  =■  2582.5  t  0.2  meV  at  T  =  1.8  K  is  calculated. 

The  energies  of  the  A(2P)  and  (3P)  states  are  measured  as  a  function  of 
magnetic  field  up  to  B  =  10  T.  The  magnetic  field  dependences  are  analyzed  in 
terms  of  linear  Zeeman  splitting  and  diamagnetic  interactions.  Fine  structure 
splitting  of  the  A(2P+)  states  is  observed  and  identified  as  arising  from 
the  i  +  and  r,  symmetry  states  witn  slightly  different  g  factors.  A t  B  = 
1C  T,  the  observed  splitting  of  -  0.29  meV  gives  :  ge n  -  g^i  j  =  0.50  ±  0.15. 
The  average  g-values  of  these  two  lines  is  given  by  •2g_jjjJ  =|2  (1/mj^-  l/m^)| 
-  o,39  ±  0.08.  At  low  fields  the  diamagnetic  contribution  gives  the  usual 
quadrate,  field  dependence  but  deviates  significantly  at  higher  fields.  At  a 
given  field,  the  deviation  is  founc  tc  increase  dramatically  with  increasing 
quantum  number  n.  At  these  hign  magnetic  fields,  the  Lorentz  force  on  the  ex¬ 
citer  becomes  ccmparab'e  to  the  Coulomb  forces.  As  a  result,  the  wave  func¬ 
tions  contract  to  such  an  extent  that  deviations  from  quadratic  diamagnetic 
behavior  occu-.  The  magnetic  f 1  e  1  d  causes  mixing  of  the  B  =  0  wavef unctions 
through  the-  ordinary  diamagnetic  perturbation.  This  deviation  is  fit  by  vari¬ 
ational  calculations  developed  by  Larsen  which  take  into  account  the 
interaction  of  states  tnrough  the  diamagnetic  term  in  the  Hamiltonian.  The 
magnetic  field  dependence  of  these  states  allows  us  to  determine  the  reduced 
exciton  mass  -  (0.158  r  0.002)mQ  and  the  individual  masses  as  m^  = 

(0.210  t  0.O(.bi;n  and  =  (3.64  a  G.2)m  .  Finally  the  temperature  dependence 
of  the  A-gap  is  determined  from  the  energy  of  the  2P(^  level  at  B  -  0  as  a 
function  ot  temperature. 

♦Visiting  scientist  at  tne  Francis  Bitter  National  Magnet  Laboratory.  Work 
supported  ir.  part  by  NTSl  and  the  Office  of  Naval  Research. 

'Supported  by  the  National  Science  Foundation. 
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This  part  of  the  nonlinear  project  was  experimentally  carried  out  at  the 
Francis  Bitter  National  Magnet  Laboratory  in  col  1 aboration  with  Dr.  Don  Heinan. 
Analysis  of  the  data  subsequently  has  taken  place  at  NTSU.  In  this  section  we 
summarize  our  findings.  A  paper  on  this  work  has  been  submitted  for  considera¬ 
tion  to  the  XIII th  International  Quantum  Electronics  Conference,  1984,  Anaheim, 
California,  June  18-21.  We  reproduce  a  copy  of  the  short  abstract  and  the 
extended  summary  that  was  submitted  at  the  end  of  this  section. 

Magneto-absorption  experiments  are  a  useful  way  to  measure  the  effective 
mass  band  parameters  of  semiconductors.^  In  direct-gap  materials  the  absorp¬ 
tion  is  usually  large  necessitating  very  thin  samples,  the  order  of  microns.  An 
alternative  method  is  to  use  modulated  reflectivity.^  This  works  well  when  the 
modulation  conf i gurati on  does  not  perturb  the  sample  appreciably.  Magneto¬ 
absorption  experiments  by  Vrehen^  were  used  to  determine  the  mass  parameters  of 
a  4  f*.  thick  sample  of  bulk-grown  GaAs.  Roine^  attempted  to  determine  the 
masses  in  high-purity  epitaxial  GaAs  by  stress-modulated  magneto-reflectivity 
but  found  that  dc  strain  prohibited  a  meaningful  analysis.  In  the  present  study 
it  is  shown  that  high-resol ution  magneto-absorpti on  spectra  of  high-purity 
epitaxial  GaAs  can  be  obtained  using  the  two-photon  absorption  technique.  This 
experiment  is  the  first  two-photon  absorption  spectroscopy  of  GaAs  in  a  magnetic 
f i el d. 

The  GaAs  sample  was  a  high-purity  epitaxial  layer  (77°K  mobility  of 
105  cm2/V-sec)  with  surface  perpendi cu 1 ar  to  [1001.  Leads  were  attached  by 
soldering  with  indium.  The  sample  was  immersed  in  pumped  liquid  He  at  the  end 
of  a  dewar  tail  which  was  inserted  in  a  radial  access  Bitter  solenoid  magnet. 
The  laser  light  was  focused  on  the  sample  surface  using  a  30  cm  focal  length 
lens  in  the  Voigt  configuration. 

Absorption  spectra  were  taken  by  monitoring  the  change  in  conductivity 
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(resistivity)  induced  by  a  near-IR  light  beam.  The  light  was  produced  by  the 
second-Stokes,  Raman-shifted  output  of  hydrogen  gas  which  was  pumped  by  the 
output  of  a  tunable  dye  laser  with  LD688  dye.  The  dye  laser  was,  in  turn, 
pumped  by  the  second  harmonic  of  a  doubled-YAG  laser  producing  10  pulses  per 
second  of  10  nsec  duration.  The  light  intensity  at  the  sample  was  ^10^  W/cm^. 
A  small  current  was  supplied  to  the  sample  parallel  to  B  by  an  applied  voltage 
of  a  few  tenths  of  a  volt.  (Above  one  volt,  impact  ionization  occurs.)  The 
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output  voltage  signal  was  amplified  by  ^  10L  beforp  being  fed  into  a  boxcar 
integrator.  The  best  si gnal -to-noi se  ratio  was  obtained  by  pro-smoothing  with  a 
three-1 aser-shot  time  constant  on  the  boxcar,  then  averaging  ten  shots  with  a 
computer,  and  finally  adding  five  repeated  spectral  scans.  The  last  feature  was 
needed  to  average  out  long  term  fluctuations  of  the  laser  intensity. 

Tho  two-photon  magneto-absorption  spectrum,  above  the  bandgap,  in  GaAs  is 
shown  in  Figure  1  for  B  =  10.0  T.  The  direct  gap  at  this  temperature  is  at.  Eg  = 
1.519  eV  in  zpro  magnetic  field.  The  structure  is  seen  to  be  quitp  sharp  with 
large  peak-to-background  ratios  at  low  energies.  This  spectrum  was  taken  with 
light  polarization  E  j  B,  but  the  spectral  features  were  found  to  be  nearly 
independent  of  polarization.  Higher  resolution  scans  clearly  resolve  the  p°aks 
at  1.529  and  1.547  eV  and  show  thp  feature  at  1.542  to  be  a  doublet. 

Positions  of  the  various  absorption  peaks  are  plotted  in  Figure  2  as  a 
function  of  magnetic  field.  Fifteen  distinct  Landau  transitions  show  an 
approximate  linear  behavior  which  extrapolates  to  the  bandgap  at  B  =  0. 

Analysis  of  this  data  is  a  complicated  problem;  Coulomb  binding  of  the 
electrons  and  holes  (exciton  effects)  must  be  taken  into  account,  as  well  as  the 
nonparabol ici ty  of  the  conduction  band  and  the  complex  nature  of  the  degenerate 
valence  bands.  Work  is  in  proqress  to  evaluate  the  effective  mass  parameters 
using  these  corrections.  The  high  resolution  of  the  present  experiment  combined 
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with  the  high-purity  sample  will  allow  a  more  accurate  determination  of  these 
parameters  than  previous  studies. 

!4.  N.  Afsar  and  D.  M.  Larsen  are  gratefully  acknowledged  for  supplying  the 
excellent  quality  sample. 


fi^.  sr.c.i 


*  .10  i  60 

2  *  w  (  *  V » 

Figure  I.  Photoconductive  signal  (absorption l  versus  twice  the  laser  photon 
c m  nev  *hu»  near  the  fundamental  gap  in  epitaxial  (la  A*  in  a  magnetic  field. 
The  light  wu  polarized  perpendicular  to  fi  and  the  lattice  temperature  was 
TL  s  1 .3  K.  Ihe  spectrum  is  unconected  for  intniment  response. 
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Figure  2-  Apsorptiou  peak  energies  versus  B  tn  epitaxial  <*aAs  at  T  *  I.5K. 
l.inear  l«andju  levrl  behavior  is  seen  by  the  straight  lines  connecting  the 
•  xp«n  mental  points  which  intersect  8*0  near  the  energy  gap. 
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XHIth  International  Quantum  Electronics  Conference, 
1984,  Anaheim,  California,  June  18-21,  1984 


Two-Photon  Spectroscopy  of  GaAs* 


D.  G.  Seiler  (817-565-3262,  P.0.  Box  5368)  and  C.  L.  Littler, 
Center  for  Applied  Quantum  Electronics,  North  Texas  State 
University,  Denton,  Texas  76203  and  D.  Heiman,  M.I.T. 
Francis  Bitter  National  Magnet  Laboratory.t 
Cambridge,  Massachusetts  02139 


Two-photon  absorption  spectra  of  high  purity  GaAs,  obtained  at  1.8  K 
using  a  tunable  dye  laser  and  a  Raman  cell,  show  resonant  structure  in  high 
magnetic  fields  related  to  exciton  and  Landau  level  behavior. 


♦Work  performed  at  the  Francis  Bitter  National  Magnet  Laboratory  and  sup¬ 
ported  by  the  National  Science  Foundation,  Office  of  Naval  Research,  and 
North  Texas  State  University. 

+ Supported  by  the  National  Science  Foundation. 
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XHIth  International  Quantum  Electronics  Conference, 

1984,  Anaheim,  California,  June  18-21,  1984 

Two-Photon  Spectroscopy  of  GaAs* 

0.  G.  Seiler  (817-565-3262,  P.0.  Box  53681  and  C.  1.  littler. 

Center  for  Applied  Quantum  Electronics,  North  Texas  State 
University,  Denton,  Texas  76203  and  D.  Heiman,  M.I.T. 

Francis  Bitter  National  Magnet  Laboratory, t 
Cambridge,  Massachusetts  02139 

Nonlinear  spectroscopy  is  an  interesting  and  increasingly  useful  method 
in  the  study  and  characterization  of  semi  conductors. **2  As  a  result  it  has 
now  become  an  active  and  rapidly  growing  field  of  spectroscopy.  In  this 
paper  we  present  high  resolution  two-photon  absorption  (TPA)  spectra  obtained 
at  1.8  K  for  high  purity  epitaxial  GaAs  using  photoconductivity  (PC)  tech¬ 
niques.  The  TPA  spectra  was  studied  from  energies  below  to  well  above  the 
free  exciton  and  band  gap  region.  At  zero  magnetic  field,  the  PC  response 
has  a  (2  -huj  -  Eg)3^2  dependence  just  above  the  band  gap.  Application  of 
magnetic  fields  up  to  10  T  produced  resonances  in  the  PC  response  which  are 
quantitatively  interpreted  in  terms  of  exciton  and  Landau  level  behavior.  To 
our  knowledge  these  are  the  first  two-photon  absorption  spectra  for  GaAs  in  a 
magnetic  field. 

The  single  crystal  samples  of  n-GaAs  were  high  purity  (77  K  mobility  of 
10^  cm2/V-sec)  epitaxial  layers  of  w  50  mid  thickness  with  (112)  surface 
orientations.  The  sample  was  Immersed  in  pumped  liquid  He  at  1.8  K  In  a 
dewar  tail  which  was  Inserted  in  a  radial  access  Bitter  solenoid  magnet.  The 
Voigt  configuration  was  used  with  the  field  along  the  f 1101  crystallographic 
direction  and  the  photoconductl ve  signals  were  analyzed  by  a  boxcar  inte¬ 
grator  and  computer.  The  TPA  spectra  were  obtained  by  monitoring  the  change 
in  resistance  (or  conductivity)  of  the  sample  Induced  by  tunable  1.6  urn 
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radiation  from  a  hydrogen  Raman  shi fting  cell.  The  cel  1  was  pumped  by  the 
output  of  a  tunable  dye  laser  with  a  5  nsec  pulse  length.  The  two-photon 
magneto-absorption  spectra  exhibited  well  defined  structure  for  fields  above 
5  T  and  were  investigated  for  incident  light  polarizations  with  ?  |  B  and 
eil  i- 

Theoretical  transition  energies  were  calculated  using  a  modified 
Pidgeon-Brown  8x8  energy  band  model  and  two-photon  selection  rules.  Com¬ 
parison  of  these  calculations  to  the  data  gives  good  agreement,  and  Indicates 
that  the  final  states  of  the  TPA  transitions  are  "P  excitons"  rather  than  “S 
excitons"  as  In  the  one-photon  absorption  (OPA)  case.  The  energy  band 
parameters  that  describe  our  TPA  spectra  are  Eg  =  1.519  eV,  Ep  =  22.7  eV, 
yi  =  1.87,  * 2  *  -0.39,  y3  =  0.4,  k  =  -1.29,  F  =  0,  q  =  0.04,  and  Nj  *0.0. 
The  Influence  of  exciton  contributions  to  the  TPA  spectra  will  also  be  dis¬ 
cussed.  Finally,  we  will  compare  our  TPA  results  to  the  OPA  experiments  of 
Ulbrich  and  Fehrenbach3  at  B=0,  and  of  V  rehen4  and  Reine5  at  B/0. 


♦David  G.  Seller  was  a  visiting  scientist  at  the  Francis  Bitter  National 
Magnet  Laboratory.  Work  supported  in  part  by  NTSU  and  the  Office  of  Naval 
Research.  M.  N.  Afsar  and  0.  M.  Larsen  are  gratefully  acknowledged  for 
supplying  the  samples. 

^Supported  by  the  National  Science  Foundation. 
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14.  "Intra-Conduction  Band  Magneto-Optical  Studies  of  InSb" ,  M.  W.  Goodwin 
and  D.  G.  Seiler,  Phys.  Rev.  B  27. .  3451  (  1983). 

15.  "High  Resolution  Magneto-Optical  Studies  of  Free  and  Bound  Holes  in  p- 
InSb",  C.  L.  Littler,  D.  G.  Seiler,  R.  Kaplan,  and  R.  J.  Wagner,  Phys. 
Rev.  B  27_,  7473  (  1983). 

16.  "Anisotropic  Two-Photon  Magneto-Absorption  in  n-InSb",  D.  G.  Seiler  and 

S.  W.  McClure,  Solid  State  Commun.  47,  17  (1983). 


2.  Contributed  Talks 
a.  National  Meetings 

1.  M.  H.  Weiler,  D.  G.  Seiler,  and  M.  W.  Goodwin,  "High  Resolution  Two- 

Photon  Magneto-Spectroscopy  in  InSb",  Bull.  Am.  Phys.  Soc.  j26,  354 

(1981). 

2.  D.  Heiman,  D.  G.  Seiler,  R.  Feigenblatt,  R.  L.  Aggarwal,  and  B.  Lax, 

"Two-Photon  Magneto-Spectroscopy  of  Excitons  in  CdS”,  Bull.  Am.  Phys. 
Soc.  26,  795  (1981). 

3.  D.  Heiman,  D.  G.  Seiler,  R.  Feigenblatt,  R.  L.  Aggarwal,  and  B.  Lax, 

"Magnetic  Field  Dependence  of  Free  Excitons  in  CdS  by  Two-Photon 
Absorption  Spectroscopy",  Bull.  Am.  Phys.  Soc.  27 ,  144  (1982). 

4.  C.  L.  Littler,  D.  G.  Seiler,  R.  Kaplan,  and  R.  J.  Wagner,  "High 
Resolution  Magneto-Optical  Studies  of  Bound  and  Free  Hole  Excitations  in 
p-InSb",  Bull.  Am.  Phys.  Soc.  27_,  144  (  1982). 

5.  M.  W.  Goodwin  and  D.  G.  Seiler,  "Two-Photon  Magneto-Absorption  in  n~ 

InSb",  Bull.  Am.  Phys.  Soc.  27_,  145  (  1982). 

6.  S.  W.  McClure  and  D.  G.  Seiler,  "Anisotropic  Two-Photon  Magneto- 

Absorption  Effects  in  n-InSb" ,  Optics  New  J5 ,  57  (  1982). 

7.  C.  L.  Littler,  D.  G.  Seiler,  R.  Kaplan,  and  R.  J.  Wagner,  "Magneto¬ 

optical  Detection  of  Deep  Acceptor  Impurities  in  p-InSb" ,  Optics  News  J), 
39  (1982). 

8.  C.  L.  Littler,  D.  G.  Seiler,  and  S.  W.  McClure,  "Two-Photon  Induced 

Photo-Hall  Effect  in  n-InSb",  Bull.  Am.  Phys.  Soc.  _28,  338  (1983). 

9.  S.  W.  McClure,  D.  G.  Seiler,  and  C.  L.  Littler,  "CO2  Laser-Induced 

Photoexdted  Carrier  Lifetimes  in  n-InSb",  Bull.  Am.  Phys.  Soc.  J28,  338 
(1983). 
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b.  International  Meetings 


1.  D.  G.  Seiler,  M.  W.  Goodwin,  and  M.  H.  Weiler,  "High  Resolution  Two- 
Photon  Magnetospectroscopy  in  InSb  at  Milliwatt  CO2  cw  Powers",  presented 
at  the  International  Conference  on  Excited  States  and  Multiresonant  Non¬ 
linear  Optical  Processes  in  Solids,  Aussois,  France,  March  1981. 

2.  R.  Kaplan,  R.  J.  Wagner,  D.  G.  Seiler,  C.  L.  Littler,  M.  H.  Weiler,  and 

W.  Zawadzki,  "High  Resolution  Magneto-Optical  Studies  of  Free  and  Bound 
Hole  Excitations  in  InSb",  presented  at  the  4th  International  Conference 

on  the  Physics  of  Narrow  Gap  Semiconductors,  Linz,  Austria,  September 

1981. 

3.  D.  G.  Seiler,  M.  W.  Goodwin,  and  M.  H.  Weiler,  "Two-Photon  Spectroscopy 

in  InSb  with  cw  C0~  Lasers"  presented  at  the  4th  International  Conference 

on  the  Physics  of  Narrow  Gap  Semiconductors,  Linz,  Austria,  September 

1981. 

4.  D.  G.  Seiler,  D.  Heiman,  R.  Feigenblatt,  R.  L.  Aggarwal,  and  B.  Lax, 
"Two-Photon  Spectroscopy  of  the  A-  and  B-Excited  Free-Exciton  in  CdS", 
presented  at  the  12th  International  Quantum  Electronics  Conference, 
Munich,  Germany,  June  1982. 

5.  D.  G.  Seiler,  M.  W.  Goodwin,  K.  E.  Littler,  "Lase r- Induced  Resonant 
Magneto-Optical  Transitions  from  Deep  Levels  in  n-InSb",  presented  at  the 
16th  International  Conference  on  the  Physics  of  Semiconductors, 
Montpellier,  France,  September,  1982. 


3.  Invited  Talks 
a.  National 

"Two-Photon  Absorption  Spectroscopy  of  Semiconductors",  D.  G.  Seiler,  invited 
talk  at  the  Southeastern  Section  of  the  American  Physical  Society,  Lexington, 
Kentucky,  October  1982.  Bull.  Am.  Phys.  Soc.  27,  739  (1982). 


b.  International 

D.  G.  Seiler,  M.  W.  Goodwin,  S.  W.  McClure,  and  L.  A.  Veilleux,  "Two-Photon 
Spectroscopy  in  InSb  at  High  Magnetic  Fields",  invited  paper  presented  at  the 
International  Conference  on  the  Application  of  High  Magnetic  Fields  in 
Semiconductor  Physics,  Grenoble,  France,  September,  1982. 


4.  Seminars  Given 

1.  Spring,  1981,  Solid  State  Seminar,  Minneapolis  Honeywell,  Inc., 
Lexington,  Massachusetts 

2.  Spring,  1981,  Solid  State  Seminar,  Heriot-Watt  University,  Edinburgh, 
Scotland 


3.  Spring,  1981,  Solid  State  Seminar,  St.  Andrews  University,  St.  Andrews, 
Scotland 

4.  Spring,  1981,  Solid  State  Seminar,  Royal  Signals  and  Radar  Establishment, 
Malvern,  England 

5.  Spring,  1981,  Solid  State  Seminar,  University  of  Toronto,  Toronto,  Canada 

6.  Summer,  1981,  Solid  State  Seminar,  GTE  Laboratories,  Walthan. 
Massachusetts 

7.  Fall,  1981,  Quantum  Electronics  Seminar,  NTSU ,  Denton,  Texas 

8.  Fall,  1981,  Solid  State  Seminar,  Technical  University  of  Munich,  Munich, 
West  Germany 

9.  Summer,  1982,  Solid  State  Seminar,  Montanuniversitat ,  Leoben,  Austria. 

10.  Summer,  1982,  Solid  State  Seminar,  Ludwig  Boltzmann,  Institute  fur 
Fes tkorperphysik ,  Vienna,  Austria 

11.  Fall,  1982,  General  Colloquium,  North  Texas  State  University,  Denton, 
Texas 


5.  Participation  in  Professional  Organizations 

Chairman  of  Session  on  Optical  Properties  of  Semiconductors  at  the  March 
American  Physical  Society  Meeting,  see  Bull.  Am.  Phys.  Soc.  27,  173  (1982). 


Member  of  the  local  arrangements  committee  for  the  American  Physical  Society 
Meeting  in  Dallas,  March  1982. 


